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SUMMARY Increases in tick-borne disease prevalence and transmission are impor-
tant public health issues. Efforts to control these emerging diseases are frustrated by
the struggle to control tick populations and to detect and treat infections caused by
the pathogens that they transmit. This review covers tick-borne infectious diseases
of nonrickettsial bacterial, parasitic, and viral origins. While tick surveillance and
tracking inform our understanding of the importance of the spread and ecology of
ticks and help identify areas of risk for disease transmission, the vectors are not the
focus of this document. Here, we emphasize the most significant pathogens that in-
fect humans as well as the epidemiology, clinical features, diagnosis, and treatment
of diseases that they cause. Although detection via molecular or immunological
methods has improved, tick-borne diseases continue to remain underdiagnosed, making
the scope of the problem difficult to assess. Our current understanding of the inci-
dence of tick-borne diseases is discussed in this review. An awareness of the dis-
eases that can be transmitted by ticks in specific locations is key to detection and se-
lection of appropriate treatment. As tick-transmitted pathogens are discovered and
emerge in new geographic regions, our ability to detect, describe, and understand
the growing public health threat must also grow to meet the challenge.

KEYWORDS tick borne, babesiosis, blood-borne parasites, Babesia, Babesia microti,
emerging disease, Anaplasma phagocytophilum, Ehrlichia chaffeensis, Ehrlichia ewingii,
Borrelia miyamotoi, Lyme, Borrelia, Borrelia burgdorferi, Borrelia mayonii, Ixodes,
Amblyomma, tick-borne encephalitis virus (TBEV), Powassan virus (POWV), deer tick
virus (DTV), Crimean-Congo hemorrhagic fever virus (CCHFV)

INTRODUCTION

Tick populations are increasing, and their geographic ranges are expanding, as are
suitable habitats for these arthropod vectors and the pathogens that they carry.

Ticks can transmit bacterial, parasitic, and viral pathogens and often harbor more than
one agent simultaneously. In this review on emerging tick-borne diseases, we discuss
all three types of pathogens, including recently identified species of bacteria, new
tick-borne viruses, as well as new locations or foci of endemicity. Rickettsioses were
previously reviewed in this journal and are not included here (1).

For this review, we have drawn on an extensive examination of the literature as well
as our basic research and public health experience with human tick-borne diseases
(Table 1). While coinfections per se are outside the scope of this review, we know that
not only do ticks carry more than one pathogen, they also can transmit more than one
pathogen when taking a blood meal. Thus, taking a broader view is important when
considering proper diagnosis and treatment. Here, we discuss the epidemiology and
transmission of these agents and the clinical presentation in the patient, pointing out
features that are unique to certain pathogens, such as the erythema migrans (EM) rash
of Lyme disease, as well as less specific symptoms, such as malaise, headache, myalgia,
or fever, that accompany many infections.

Given the nonspecific nature of the symptoms of many of the diseases, knowledge
of the ticks that are found in a given area, the diseases that those ticks carry, and which
life cycle stages can transmit are all pieces of the puzzle to determine the best course
for diagnosis and treatment. In many cases, especially for newly identified pathogens
or those that are just emerging in a new part of the world, public health and
commercial reference laboratories are important diagnostic resources. Awareness is
vital to mounting an appropriate public health response and motivating personal
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protective practices that minimize risk. An appreciation of the scope of the problem will
help drive better solutions to decrease the tick population and human exposure.

BACTERIA (NONRICKETTSIAL)

Tick-borne bacteria are found throughout the world in ever-expanding ranges. The
geographic spread of tick species caused by micro- and macroclimate changes, human
behavior, land use, the vector population, population growth, and many other factors
has allowed tick-borne bacterial diseases to follow in their wake. As we continue to
discover new species of these bacteria, it is important to understand host transmission
and to monitor the emergence of both new and existing pathogens.

Anaplasma phagocytophilum and Ehrlichia Species

Anaplasma and Ehrlichia bacteria are small, Gram-negative, obligately intracellular
alphaproteobacteria in the order Rickettsiales, family Anaplasmataceae (2–4). They
cause nonspecific febrile illnesses that are mostly self-limiting. However, in some cases,
such as infection with Ehrlichia chaffeensis and Anaplasma phagocytophilum, illness can
be severe, or even fatal, if left untreated. Older individuals, patients with comorbidities,
or those who are immunocompromised have a greater risk of morbidity or mortality if
treatment is not provided or is delayed. Since the symptoms are nonspecific, these
infections can be challenging to diagnose and differentiate from each other. However,
when the geographic locations of various pathogens are separate, the diagnosis is
simplified. Infections may also be asymptomatic, which is one of the reasons why they
are underreported (5, 6).

TABLE 1 Tick-borne diseases discussed in this review

Diseasea Causative organism Tick vector(s)
No. of reported
casesb Area(s) of endemicity

Lyme disease Borrelia burgdorferi Ixodes scapularis, Ixodes
pacificus

36,429/yr Northeastern and northern
Midwest U.S.

B. mayonii B. mayonii Ixodes scapularis NA Northern Midwest U.S.
B. miyamotoi B. miyamotoi Ixodes scapularis, I. pacificus, I.

ricinus, I. persulcatus
NA Northeastern and northern

Midwest U.S., California,
China, Japan, Russia

Tick-borne encephalitis Tick-borne encephalitis virus
(Flaviviridae: Flavivirus)

Ixodes ricinus, Ixodes
persulcatus

�5,000–12,000/yr Eurasia

Crimean-Congo
hemorrhagic fever

Crimean-Congo hemorrhagic fever
orthonairovirus (Nairoviridae:
Orthonairovirus)

Hyalomma spp., Rhipicephalus
sanguineus, among others

�5,000 Africa, Asia, eastern Europe,
the Middle East, the
Indian subcontinent

HGAc Anaplasma phagocytophilum Ixodes scapularis, I. pacificus 4,151/yr Northeastern U.S.
Babesiosisd Babesia microti Ixodes scapularis, Ixodes

pacificus
1,910/yr Northeastern and northern

Midwest U.S.
Babesiosis Babesia venatorum, B. microti, B.

divergens
Ixodes ricinus NA Europe, northwestern China

HME Ehrlichia chaffeensis Amblyomma americanum,
Dermacentor variabilis

1,377/yr Northeastern mid-Atlantic
and Midwest U.S.

Severe fever with
thrombocytopenia

Severe fever with
thrombocytopenia virus
(Phenuiviridae: Phlebovirus)

Haemaphysalis longicornis �650 China, Japan, South Korea

Heartland virus disease Heartland virus (Phenuiviridae:
Phlebovirus)

Amblyomma americanum 40f Midwest and southern U.S.

E. ewingii infection E. ewingii Amblyomma americanum and
others

22/yr Midwest

Powassan encephalitise Powassan virus lineages 1 and 2
(Flaviviridae: Flavivirus)

Ixodes scapularis, Ixodes
cookei

133 Northeastern and northern
Midwest U.S.

Bourbon virus disease Bourbon virus (Orthomyxoviridae:
Thogotovirus)

Amblyomma americanum �5g Midwest and southern U.S.

aHGA, human granulocytic anaplasmosis; HME, human monocytic ehrlichiosis.
bNumbers of cases and geographic locations in the United States are from the CDC (66) unless otherwise noted. NA, data not available.
cFormerly known as human granulocytic ehrlichiosis (HGE).
dIncludes cases reported from 24 of 33 states where babesiosis is reportable.
eAn excellent review of tick-borne viruses in the world can be found in reference 289.
fNumbers of cases and geographic locations for Heartland virus can be found at https://www.cdc.gov/heartland-virus/statistics/index.html.
gInformation on Bourbon virus can be found in reference 285.
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History. (i) Anaplasma phagocytophilum. A. phagocytophilum is a zoonotic tick-
borne pathogen transmitted by infected Ixodes ticks (7). Ixodes ticks feed on deer,
ruminants, equines, rodents, and other mammals. The major reservoir species are the
white-tailed deer and the white-footed mouse (8). As with E. chaffeensis, the infection
is maintained in the ticks transstadially, with nymphal and adult ticks infecting humans,
which are dead-end hosts (9). Transstadial transmission, unlike transovarial transmis-
sion, precludes the transmission of infection by larval ticks. A. phagocytophilum resides
in an intracytoplasmic inclusion body or morulae in human granulocytes (10). Ana-
plasma species are known as both human and veterinary pathogens; however, A.
phagocytophilum is the primary species that infects humans. Thieler first identified
Anaplasma marginale as the etiological agent of a devastating erythrocytic pathogen of
cattle in 1910 (7). A. phagocytophilum was first discovered in humans in 1994 and was
thought to be a new Ehrlichia species found in neutrophils, which garnered it the name
Ehrlichia phagocytophilum, the causative agent of human granulocytic ehrlichiosis
(HGE) (2, 3, 7). The bacteria resembled Ehrlichia equi, which also has a tropism for
neutrophils and is a pathogen of horses. In 2001, E. phagocytophilum was officially
renamed Anaplasma phagocytophilum. The disease was referred to as human granu-
locytic anaplasmosis (HGA) but now is more commonly referred to as anaplasmosis (11).

(ii) Ehrlichia chaffeensis. E. chaffeensis is a zoonotic tick-borne pathogen transmitted
by infected Amblyomma americanum ticks (7). A. americanum ticks feed on a large
number of host species, but the major reservoir is considered the white-tailed deer (6).
The bacteria are maintained in the ticks transstadially (from larva to nymph to adult);
therefore, humans are infected by ticks only in the nymph and adult life stages. Since
A. americanum larvae are active earlier in the spring, the period of higher risk for being
exposed to this pathogen is longer than for those carried by Ixodes ticks. E. chaffeensis
resides in phagosomes (morulae) of monocytes (4), while other species of Ehrlichia,
such as Ehrlichia ewingii, reside in morulae in granulocytes (2, 4). E. chaffeensis is the
most common species of Ehrlichia to infect humans.

Ehrlichia bacteria were originally classified in the genus Rickettsia in 1932 and
credited with causing tick-borne fever (TBF), which is a devastating illness in ruminants.
E. chaffeensis was discovered in humans in the United States in 1986 and became
reportable to the CDC in 1994 (2, 7, 9). The first human case of E. chaffeensis in Europe
was reported in Portugal in 1991 (12). The most recently discovered Ehrlichia species to
infect humans is Ehrlichia muris subsp. eauclairensis, which is endemic in the upper
Midwest of the United States. Other members of the genus are important veterinary
pathogens (9).

(iii) Ehrlichia ewingii. E. ewingii is an emerging Ehrlichia species that infects humans
and is transmitted by infected larval and nymphal A. americanum ticks. The major
reservoir for these bacteria has not yet been identified; however, E. ewingii has been
found in deer, dogs, and goats (6, 10). It was first discovered in 1992 in the United States
when it was implicated in canine disease (10). It was first reported in humans in 1999,
when 16S sequencing of bacteria from 413 patients, collected from 1994 to 1998 in
Missouri, revealed 4 patients carrying bacteria matching the E. ewingii sequence (13,
14). Infections with E. ewingii became reportable to the CDC in the United States in
2008 (6).

Epidemiology and ecology. (i) Anaplasma phagocytophilum. In North America,
A. phagocytophilum is now found on the East Coast and in midwestern regions of the
United States, where it is transmitted by Ixodes scapularis, and on the Pacific Coast,
where it is transmitted by Ixodes pacificus (Fig. 1) (5). A. phagocytophilum became
reportable to the CDC in 2000. By 2010, there were cases reported in 27 states, with the
incidence of the disease increasing from 1.4 to 6.1 cases per million people (6). I.
scapularis has greatly expanded its geographic range in the United States and Canada.
Between 1996 and 2016, the number of U.S. counties with established populations of
I. scapularis doubled to 44.7%. This expansion has been enabled by habitat and climate
changes and the availability of hosts (especially deer) and Peromyscus leucopus, which
is the major reservoir (15).
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A. phagocytophilum is distributed over large portions of Europe and parts of central
Asia, where it is vectored by Ixodes ricinus ticks. The range of Ixodes persulcatus ticks
overlaps the range of I. ricinus ticks and extends coverage farther into Asia (Fig. 2) (2,
16, 17). The northward expansion of I. ricinus ticks in Sweden, Russia, and other parts

FIG 1 Areas of the United States where I. scapularis, A. americanum, and I. pacificus are endemic. Pathogens
that can be transmitted by I. scapularis include A. phagocytophilum, B. burgdorferi, B. miyamotoi, Babesia
microti, Babesia divergens, and POWV. Pathogens that can be transmitted by I. pacificus include A. phagocy-
tophilum, B. burgdorferi, B. miyamotoi, Babesia microti, and Babesia duncani. Pathogens that are transmitted by
A. americanum include E. chaffeensis, E. ewingii, Heartland virus, and Bourbon virus. Where tick species ranges
overlap, all pathogens need to be considered in making a diagnosis.

FIG 2 Areas where Ixodes species are endemic are at risk for transmission of Lyme borreliosis, A. phagocytophilum, and Babesia sp. Data
presented in this map were collected through the VectorNet project. Countries and regions are displayed at different scales to facilitate
visualization. Antic., anticipated; Obs., observed. (Adapted from European Centre for Disease Prevention and Control and European Food
Safety Authority maps at https://ecdc.europa.eu/en/disease-vectors/surveillance-and-disease-data/tick-maps.)
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of northern Europe has been attributed to milder winters. This climate difference can
have multiple benefits for the ticks, including better host survival, better tick survival,
and more plentiful host food sources. The northern expansion of I. persulcatus has also
been linked to climate change (15).

Serologic evidence backs up data on the spread of A. phagocytophilum throughout
the range of these ticks (4, 11, 16). The first serologic evidence of A. phagocytophilum
was found in Switzerland in 1995, followed by a case in Slovenia in 1997, which was
confirmed by serology, PCR, and sequencing (18). A. phagocytophilum cases have now
been reported from Austria, Croatia, France, Italy, Latvia, the Netherlands, Norway,
Poland, Slovenia, Spain, and Sweden (5, 9, 10, 16, 18). There have also been reports from
several Asian countries, including Russia, China, and South Korea (6).

(ii) Ehrlichia chaffeensis and E. ewingii. E. chaffeensis and E. ewingii are found in the
southeastern, southern, central, and mid-Atlantic portions of the United States. These
regions coincide with the range of the principal vector, A. americanum. As of 2008, E.
chaffeensis had been reported in 29 states. By 2015, E. chaffeensis infection was reported
in 35 states, with most cases coming from Missouri, Arkansas, New York, and Virginia
(Fig. 3) (19). In 2008, the year when E. ewingii became reportable to the CDC, infections
were reported in five states, with most cases coming from Missouri and Minnesota. In
2015, E. ewingii infections had expanded to only two more states; however, it is likely
that infections with E. ewingii are underreported, as testing is not readily available (6).

Serologic and molecular evidence of E. chaffeensis infection has come primarily from
studies conducted in North America. There have been reports in the literature of human
infection with E. chaffeensis in Mali, South Korea, Southeast Asia, and Peru, although
serologic methods lack specificity to distinguish between E. chaffeensis and related
species (10). The availability of diagnostic testing and the lack of awareness of the
disease contribute to the lack of knowledge of the disease burden (20). In the European
Union, E. chaffeensis is not a reportable disease. Only Borrelia sensu lato species
(discussed below) are reported, and thus, it is difficult to determine the actual burden
of disease in this region as well.

Clinical features. (i) Anaplasma phagocytophilum and Ehrlichia chaffeensis. The
clinical presentations of infections with A. phagocytophilum and E. chaffeensis are very
similar but have a few notable differences. The onset of symptoms occurs 1 to 2 weeks
postexposure, with about 75% of people reporting a tick bite (5). Unlike the typical 36
to 72 h from tick bite to human transmission for Lyme disease, rodent models have
shown that the transmission time for A. phagocytophilum can be within 24 h (21). This
highlights the need for prompt tick checks to prevent disease transmission after
engaging in activities, or visiting areas, where ticks may be encountered. Symptoms can
consist of general cold-like symptoms or begin more abruptly as flu-like symptoms,
with high fever, rigors, generalized myalgia, severe headache, and gastrointestinal
symptoms. Central nervous system (CNS) involvement occurs more commonly with E.
chaffeensis (5, 7, 9, 22). A generalized rash is an uncommon symptom for A. phagocy-
tophilum but may be seen in E. chaffeensis, especially in children (6). When symptoms
are mild, they may go unnoticed and resolve on their own. This accounts for sero-
prevalence studies suggesting that infection rates are higher than the number of
reported cases (3). The case fatality rate of A. phagocytophilum is relatively low at 0.3%
(based on data from 2008 to 2012), while the fatality rate for E. chaffeensis is higher at
3%. This higher observed fatality rate for E. chaffeensis is due to the greater severity of
the disease, particularly if the patient is immunosuppressed (5, 23, 24). The initial
laboratory findings in the acute phase of both anaplasmosis and ehrlichiosis are similar
and include moderate leukopenia, thrombocytopenia, a 2- to 4-fold increase in liver
enzymes, increased C-reactive protein, and an increased erythrocyte sedimentation
rate. A. phagocytophilum is rarely transmitted by blood transfusion. Only 10 cases of
transfusion-transmitted anaplasmosis have been reported, but they include 1 fatal case
(25, 26). There have been no published reports of E. chaffeensis transmitted by blood
products. However, there are two reports of transmission through organ transplanta-
tion associated with a single donor (27).
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FIG 3 Incidence of bacterial tick-borne diseases in the United States in 2017. (A) Lyme disease. Note that
the scale is different for Lyme disease due to the greater incidence. (B and C) Anaplasmosis (B) and
ehrlichiosis (E. chaffeensis) (C). NN, not notifiable. (Based on data from the Centers for Disease Control and
Prevention at https://www.cdc.gov/lyme/stats/tables.html [panel A], https://www.cdc.gov/anaplasmosis/
stats/index.html [panel B], and https://www.cdc.gov/ehrlichiosis/stats/index.html [panel C].)
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(ii) Ehrlichia ewingii. The clinical symptoms and laboratory results for E. ewingii are
very similar to those for E. chaffeensis or A. phagocytophilum. The most common
symptoms are fever, headache, malaise, and myalgia (6). Laboratory results include
thrombocytopenia, with or without leukopenia, and elevated liver enzymes (13, 28). It
should be noted that in E. chaffeensis infections, morulae would be seen in monocytic
cells seen on a Giemsa stain, while in E. ewingii infections, morulae would be seen in
neutrophils. However, because the possibility of E. ewingii infection is not yet widely
appreciated in clinical laboratories, morulae identified in neutrophils are likely to be
attributed to A. phagocytophilum and not E. ewingii. In serological studies using indirect
immunofluorescence, patient antibodies to E. ewingii cross-react with E. chaffeensis
(13). These factors make the differentiation of E. ewingii from E. chaffeensis difficult,
which may result in E. ewingii infections being missed or misclassified as E. chaffeensis
infections (29).

No deaths have been attributed to E. ewingii, which causes less severe disease than
E. chaffeensis (6, 30). There has been only one report of transfusion transmission of E.
ewingii; this was attributed to platelet transfusion and occurred in 2011 (30).

Diagnosis. E. ewingii is not cultivable (31); however, E. chaffeensis and A. phagocy-
tophilum can be grown in tissue culture. While culture is the gold standard, it is not
widely available, is resource-intensive, and takes more than 2 weeks to obtain results
(10).

During the first 1 to 2 weeks of infection, real-time PCR is the most specific, sensitive,
and widely available method for the detection and identification of E. chaffeensis, A.
phagocytophilum, and E. ewingii. After the first 1 to 2 weeks, the infection rapidly wanes,
and the likelihood of detection decreases, limiting the value of PCR (4). The sensitivity
of PCR for detecting E. chaffeensis is 60 to 80%, and the sensitivity for detecting A.
phagocytophilum is 67 to 90%, depending on the number of days since the infection
was acquired (9, 10, 17). Giemsa-stained peripheral blood smears can be examined
microscopically for morulae, but highly experienced microscopists are essential. This
method is rapid but much less sensitive than PCR (6, 9, 10). Currently, when morulae are
found in neutrophils, however, they are considered a diagnostic indicator of A. phago-
cytophilum rather than E. ewingii because E. ewingii is less well known by both
physicians and laboratorians (5, 10, 22).

Whole blood is the most appropriate sample for PCR testing due to the presence of
the organisms in peripheral blood leukocytes. While cerebrospinal fluid (CSF) can also
be tested for A. phagocytophilum and E. chaffeensis, testing of this sample type may not
be available in commercial laboratories. Recently, in addition to E. chaffeensis, E. ewingii
and E. muris subsp. eauclairensis have been added to Ehrlichia species PCR assays
available at several commercial reference laboratories. E. muris subsp. eauclairensis is a
rare human pathogen that was found in 2009 in a very limited area in the northern
Midwest of the United States. Unlike other Ehrlichia species, E. muris subsp. eauclairensis
is transmitted by I. scapularis and not A. americanum ticks. Since E. muris subsp.
eauclairensis cannot be cultured, PCR is the only definitive test available.

The A. phagocytophilum and E. chaffeensis antibody-specific IgG and IgM immuno-
fluorescence (IFA) assay is the most frequently used confirmatory test (22). Since
antibody is not usually present in the first week of illness when patients typically
present, a diagnosis is made by collecting paired sera 2 to 6 weeks apart and showing
a 4-fold difference in titers or an IgG titer of least 1:256. It should be noted that there
are high rates of cross-reactivity between antibodies to A. phagocytophilum and those
to E. chaffeensis, so generally, serologic testing for both pathogens should be per-
formed. If the titer is much higher for one organism than the other, the one with the
higher titer should be considered the likely causative agent. Antibodies to E. ewingii
also cross-react, such that infections may be mistakenly diagnosed as E. chaffeensis or
A. phagocytophilum infection. False-negative serology results may occur if a patient is
immunocompromised or was treated very early in the disease (9, 22). Conditions that
may cause false-positive results include infections such as Rocky Mountain spotted
fever, typhus, Q fever, brucellosis, Lyme disease, Epstein-Barr virus infection, and several
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autoimmune conditions (10). When interpreting serology results, not only treatment
and immune status but also other factors, such as the patient’s travel history, geo-
graphic location, medical history, and activities, should be considered. Health care
providers should consider the geographic location of the patient and the range of tick
species that are endemic in the area where the patient was likely to have become
infected. Testing for Ehrlichia species should be considered for patients living in areas
where A. americanum is endemic. Testing for A. phagocytophilum, Borrelia burgdorferi,
Babesia microti, and Borrelia miyamotoi should be considered for patients living in or
traveling through areas where infections caused by these pathogens are endemic.
Where there is overlap of regions where specific infections are endemic (Fig. 3) or travel
is uncertain, testing should be more comprehensive.

Treatment. Currently, no vaccines are available to protect against infections with
Anaplasma phagocytophilum or Ehrlichia species. Due to the inherent delay in obtaining
confirmatory test results, empirical therapy is recommended when suspicion is high
and in cases of severe illness. E. chaffeensis, E. ewingii, and A. phagocytophilum are
universally susceptible to doxycycline (5, 9, 14, 32). There have been no studies
addressing the duration of treatment, but most authorities advocate at least 3 days
after defervescence and until there is evidence of clinical improvement, typically 5 to
7 days (6, 9). Prompt defervescence, within 48 h, is typical. If concurrent Lyme disease
is suspected, treatment should be extended to 10 to 14 days (6, 33). Treatment relapses
or antibiotic resistance has not been reported (4, 9, 34). (For additional details on
treatment, see references 33 and 35–37.)

The best method to prevent becoming infected with A. phagocytophilum or E.
chaffeensis is to limit exposure to ticks. These infectious agents can be transmitted
within a few hours postattachment; therefore, even rapid removal may not prevent
infection (10).

Borrelia burgdorferi and Lyme Disease

Borrelia burgdorferi is a highly motile, helix-shaped organism that can be visualized
under dark-field microscopy and is grouped with two other pathogenic spirochete
genera, Leptospira and Treponema. B. burgdorferi is in the order Spirochaetales, family
Spirochaetaceae (38). The Borrelia genus is divided into the Lyme disease group (B.
burgdorferi sensu lato complex) and relapsing fever Borrelia species (including B. hermsii,
B. turicatae, B. parkeri, and B. miyamotoi). In 2015, Lyme disease-causing Borrelia species,
which cause different symptomology and have a different ecology than relapsing fever
Borrelia species, were separated into a new genus named Borreliella. The relapsing fever
Borrelia species remained in the genus Borrelia. This nomenclature is officially recog-
nized but is not yet widely used (39).

B. burgdorferi is a zoonotic tick-borne pathogen transmitted by the bite of an
infected Ixodes tick (Fig. 1 and 2). It is highly invasive and infects more humans in
Europe, Asia, Russia, and North America than any other tick-borne bacteria. Worldwide,
there are 12 Borrelia genospecies within the B. burgdorferi sensu lato complex; however,
not all of them cause human disease. In North America, B. burgdorferi sensu stricto was
the sole species known to infect humans until 2016, when B. mayonii was identified as
a new genospecies in the sensu lato complex (14, 35, 40, 41). In Europe, the main
species that infect humans are B. burgdorferi, B. afzelii, and B. garinii, whereas in Asia, B.
afzelii and B. garinii are considered the main species involved in human disease. B.
mayonii is transmitted transstadially as well as transovarially, making it possible for ticks
in all life stages to transmit disease (40). B. burgdorferi, B. afzelii, and B. garinii are
considered to be transmitted transstadially only (42).

History. Lyme disease, subsequently found to be caused by B. burgdorferi, was first
recognized in the United States in Lyme, CT, in 1975 (43). However, descriptions of a
Lyme disease-like syndrome were first reported in the literature in Europe by as early
as 1883, and in the 1940s, antibiotics were already being used to treat patients with
symptoms compatible with those of Lyme disease (44). B. burgdorferi was first cultured
from I. scapularis in 1982 and then subsequently from human skin and cerebrospinal
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fluid (35). The disease became reportable to the CDC in 1990 (6). B. afzelii and B. garinii
are the primary species responsible for causing Lyme borreliosis in Europe. B. garinii
was officially recognized in the Journal of Systematic Bacteriology in 1992, and B. afzelii
was differentiated from B. burgdorferi and B. garinii in 1993 (45).

Epidemiology and ecology. Lyme disease is widely spread across the United States,
Europe, Asia, and Japan (46, 47). It is the most commonly reported tick-borne disease
in the United States and is highly endemic in the Northeast and northern Midwest
regions of the United States (Fig. 3). I. scapularis expanded northward into eastern and
central Canada in 2004, which was followed by the emergence of Lyme disease (15).
Migratory birds have been considered a possible mode for that expansion (37). Of note,
although I. scapularis is found throughout the southeastern United States, cases of
Lyme disease are rare or unconfirmed. According to the CDC, there were 22,561 cases
of Lyme disease in the United States in 2010, with the rate of disease increasing rapidly
to a total of 28,453 confirmed cases in 2015. This number is considered severely
underreported due to undiagnosed cases, inconsistency in reporting, and empirical
treatment (36). The CDC estimates that the real number of new cases annually in the
United States is approximately 300,000 (37). Borrelia mayonii is a newly described
species that has been found only in the upper Midwest of the United States (14, 41).

B. afzelii and B. garinii are spread by I. ricinus in Europe and I. persulcatus in Asia, with
the habitats of these two species overlapping in eastern Europe (Fig. 2) (35, 48). Cases
of Lyme borreliosis have been reported in Austria, Belgium, Bosnia, Bulgaria, Croatia,
the Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary,
Iceland, Ireland, Italy, Norway, Russia, Sweden, and the United Kingdom (Fig. 2). Lyme
disease in Europe is most widely reported in temperate zones, where approximately
85,000 cases were reported in 2016. However, as in the United States, the disease is
likely underreported (48). Ixodes species continue to expand, or even shift their range,
because of a dynamic, interwoven, and ever-changing combination of human behavior;
modification of habitats; human, host, and tick population growth; and micro- and
macroclimate changes (15).

Clinical features. Signs and symptoms of Lyme disease are broken into three stages:
early localized, early disseminated, and late disease. In the early stage, symptoms
include fever, chills, headache, fatigue, muscle and joint aches, and one or more
erythema migrans (EM) rashes (36, 38, 49). The classic EM rash occurs in approximately
70 to 80% of people and occurs at the site of the tick bite 3 to 30 days (average, 7 days)
after the tick bite, typically before the onset of fever. Disease transmission from tick to
human occurs within 36 to 72 h. Again, it should be stressed that checking for ticks
immediately after being in an area where ticks may be present is important for
preventing the chance of disease transmission.

The early disseminated stage occurs within days to weeks of initial symptoms. Patients
may continue to have fever, fatigue, headache, myalgia, and arthralgia during this stage.
More severe symptoms can include a variety of neurological manifestations, such as cranial
nerve palsies, peripheral neuropathy, radiculopathy (Bannwarth syndrome), mononeuropa-
thy multiplex, meningitis, and, more rarely, carditis (36, 38, 50). Carditis symptoms include
palpitations, syncope, chest pain, and dyspnea in conjunction with other common Lyme
disease symptoms. The carditis symptoms typically occur within 2 to 4 weeks but in rare
cases have occurred up to 7 months after the initial infection. Carditis is a rare complication
that occurs when the spirochetes invade heart tissue and cause various degrees of
atrioventricular block. About 1% of cases reported to, and confirmed by, the CDC had
second- or third-degree heart block (51). Death due to Lyme carditis is rare, and with proper
treatment, the prognosis is excellent (37). (For the most up-to-date treatment recommen-
dations, see the IDSA guidelines [52, 288].)

The most common type of nervous system involvement, especially in children, is
facial nerve palsy or “Bell’s palsy,” which can be bilateral. The most common symptom
of late-stage Lyme disease is intermittent or persistent arthritis in one or more large
joints (Lyme arthritis) and, less commonly, subtle encephalopathy or neuropathy (5). A
range of symptoms occurs in Europe as well as North America, although there are

Madison-Antenucci et al. Clinical Microbiology Reviews

April 2020 Volume 33 Issue 2 e00083-18 cmr.asm.org 10

https://cmr.asm.org


differences based on the species of Borrelia causing the infection. In Europe, B. afzelii is
known for the skin infection acrodermatitis chronica atrophicans, and B. garinii is more
neurotropic and related to Bannwarth syndrome (36–38). Patients infected with B.
mayonii have symptoms similar to those of patients infected with bacteria in the B.
burgdorferi sensu lato complex, which makes infections with B. mayonii clinically
indistinguishable from Lyme disease caused by B. burgdorferi (41).

Diagnosis. Clinical diagnosis begins with evaluating the epidemiological factors of
the patient (lifestyle, line of work, travel history, and living in an area of endemicity) as
well as clinical symptoms such as EM rash and arthritic joints. Most cases of Lyme
disease are diagnosed and treated after the identification of an EM rash (37). Unfortu-
nately, Borrelia species, with the possible exception of B. mayonii, are not reliably
present in blood during acute infections. Thus, laboratory diagnosis of infection relies
on the antibody response. Serologic testing is the preferred tool to support a diagnosis.

The current recommendation for serologic testing is a two-tier testing system (35).
Standard two-tier testing (STTT) consists of an initial enzyme immunoassay (EIA) or a
chemiluminescence immunoassay (CIA) (commonly used in large laboratories), fol-
lowed by Western blot testing if the initial results show reactivity or are equivocal.
There are two types of EIAs available, the whole-cell sonicate and the more specific C6
peptide EIAs (33, 36). A C6 CIA is also available (53). A multiplex microsphere assay
utilizing the antigens VlsE1-IgG and pepC10-IgM (a conserved portion of OspC to which
early IgM is directed) is another option that appears to provide an earlier diagnosis (54).
The C6 EIA is more specific because it uses antigens specific to Borrelia and reduces
cross-reactivity to related species. However, this test has recently been shown to
cross-react with B. miyamotoi, so it is important to interpret the test result based on
possible exposure to B. miyamotoi (55). It should also be noted that C6 testing is more
valuable when European strains are suspected because the Western blots designed for
use in the United States have poor sensitivity for European Borrelia strains (33). If a
patient has a negative or equivocal EIA result, they may be in the early phase of the
disease, or an alternative diagnosis might be considered. A patient with appropriate
signs and symptoms, such as EM rash, may be treated empirically, and a convalescent-
phase sample may be drawn in 2 to 4 weeks (37).

In second-tier testing with Western blotting, antibodies bind to a set of conserved
B. burgdorferi protein antigens. Test guidelines in the United States are based on the
number of proteins detected as well as reactivity to specific proteins. A patient in the
first 30 days of symptoms (early phase) is considered to have a positive IgM blot if they
have antibodies to at least two of the following three protein bands: 23, 39, and 41 kDa.
However, false-positive Lyme IgM blots are not uncommon and can occur with a variety
of other infections and with autoimmune disease. If symptoms have been present for
more than 30 days, an IgG blot should also be positive. If not, a positive IgM blot is likely
a false-positive result. A positive IgG blot can be observed in early disseminated and
late-stage disease or can reflect past infection. A positive result requires the detection
of 5 of the following 10 protein bands: 18, 23, 28, 30, 39, 41, 45, 58, 66, and 93 kDa (36,
37). Antibodies may not be present early in the course of infection. When no EM rash
is detected and B. burgdorferi antibodies are not found or are not diagnostic in the
acute phase, a convalescent-phase specimen should be drawn if Lyme disease is still
suspected. False-negative serology results may also occur if a patient is immunocom-
promised or was treated very early in the course of the disease.

The FDA recently cleared a modified two-tier testing (MTTT) algorithm as an
alternative to STTT. This algorithm utilizes two FDA-cleared first-tier EIAs, run concur-
rently or sequentially, and omits immunoblot testing. Both EIAs must be positive for a
specimen to be considered positive. MTTT is an improvement compared with STTT,
which is less sensitive for detecting early infections, more subjective to interpret, and
more labor-intensive. The MTTT algorithm thus would simplify testing, lower costs,
shorten the time to results, and potentially improve both sensitivity and specificity (54,
56, 57). However, for Lyme arthritis or for complex cases, Western blotting may provide
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more information and thus may retain a diagnostic role (A. Steere, personal commu-
nication).

In both early disseminated and late-stage neurological disease, PCR of CSF is often
negative. Thus, the diagnosis of neuroborreliosis relies on documentation of local
antibody production in the CSF. Currently, detection of antibodies in simultaneously
collected serum and CSF, and calculation of an index to confirm intrathecal antibody
production, is considered the preferred approach. However, recommended test algo-
rithms may vary for early disseminated versus late-stage disease (35, 37, 58).

When positive, PCR can provide supporting evidence of B. burgdorferi infection. PCR
is best applied for the diagnosis of Lyme arthritis (36). Testing of synovial fluid has
�75% sensitivity in IgG-positive patients (33). PCR testing of blood and CSF is usually
negative and of limited value due to the low number of bacteria in these specimen
types (33, 35, 36). Testing blood for B. mayonii is an exception because of the high level
of spirochetemia associated with the infection in the early stages of the disease (41).
Culture is not recommended for B. burgdorferi since it is a slow-growing organism and
the test is labor-intensive and is more suited to a research setting (36).

The newest technology being developed to improve the early diagnosis of Lyme
disease is metabolomics (36). This method uses liquid chromatography-mass spectrom-
etry to detect low-molecular-weight biomolecules that are produced by the body
during illness. By developing a biosignature of early Lyme disease that is absent in
healthy individuals or those with other diseases, it may be possible to establish a Lyme
disease diagnosis using this approach. Studies by Molins et al. and Theel reported 88%
sensitivity and 95% specificity for metabolomic testing (59, 60). This test is currently in
the research phase and is not yet available for clinical testing.

Measurement of chemokine CXCL13 levels in CSF of adults and children is also being
studied by many groups as a new potential tool for the diagnosis of acute Lyme
neuroborreliosis (LNB). It has been shown to be highly sensitive and detectable from
days to weeks before antibody production. Specificity should be taken into consider-
ation, however, since CXCL13 levels are also elevated in other neuroinfectious and
neuroinflammatory diseases. Further studies are being done to establish the cutoff
values, differences for age ranges, and other variables to establish the diagnostic value
of this assay. This is an important step toward finding a specific and sensitive biomarker
to be used as an adjunct test along with signs and symptoms of early LNB (58, 61).

Tests that have not been validated or whose clinical validity is not established
include T-lymphocyte transformation assays (38), cell sorting of cell wall-deficient or
cystic forms of B. burgdorferi (38), quantitative CD57 lymphocyte assays (36), IgM or IgG
tests interpreted with nonstandard methods (36), novel culture methods (33), and urine
antigen testing (33).

Treatment. B. burgdorferi is susceptible to several classes of antibiotics, including
doxycycline, penicillin, amoxicillin, cefuroxime axetil, ceftriaxone, and azithromycin.
Treatment of patients in the early stages of Lyme disease usually results in complete
recovery. While doxycycline is most commonly used, a number of factors affect the
antibiotic choice, including age, drug allergy, side effects, clinical disease manifesta-
tions, whether the patient is an outpatient or hospitalized, sun exposure, a differential
diagnosis that includes cellulitis versus EM, as well as concern for coinfection with
Anaplasma phagocytophilum or Ehrlichia muris subsp. eauclairensis. The treatment
duration varies from 7 to 28 days depending on disease manifestations, the antibiotic
used, and the route of administration. A detailed description of treatment recommen-
dations is beyond the scope of this review but can be found elsewhere (33, 35, 37) and
in the most recent clinical practice guidelines developed jointly by the Infectious
Diseases Society of America, the American Academy of Neurology, and the American
College of Rheumatology (52).

Borrelia miyamotoi and the Relapsing Fever Group

As discussed above, there are two major groups of Borrelia, the Lyme disease group
and the relapsing fever group, which includes B. hermsii, B. parkeri, and B. turicatae (62).
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The relapsing fever group is transmitted by soft ticks of the genus Ornithodoros.
Tick-borne relapsing fever (TBRF) is endemic in the western United States, Canada, and
Mexico and is primarily characterized by recurrent bouts of fever, headaches, and
malaise. Other species of the relapsing group, including B. duttonii, B. hispanica, and B.
persica, are endemic in Africa, central Asia, the Middle East, and Central and South
America. While TBRF is often a mild illness, severe sequelae and death can also occur
(63, 64).

B. miyamotoi is distantly related to B. burgdorferi but is genetically more closely
related to the relapsing fever group. While other TBRF agents are transmitted by soft
ticks of the species Ornithodoros, B. miyamotoi is transmitted by infected Ixodes ticks. B.
miyamotoi and B. burgdorferi (and other Ixodes-transmitted pathogens) can simultane-
ously infect ticks, reservoir hosts, and humans (62). Unlike B. burgdorferi, B. miyamotoi
can be transmitted transstadially and transovarially, making it possible for ticks in all life
stages to transmit disease (42). The genus name of this organism has caused some
initial confusion among health care providers because they assume it to be within the
genospecies and to be another agent of Lyme disease, although B. miyamotoi is really
in the relapsing fever group.

History. B. miyamotoi was discovered in I. persulcatus in Japan in 1995. It was
subsequently discovered in other Ixodes species, but the first human cases were not
identified until 2011 in Russia (65). The first cases in the United States were described
in 2013 (65, 66).

Epidemiology and ecology. Currently, B. miyamotoi prevalence has been studied
more widely in ticks than in humans. In the United States, B. miyamotoi is found in I.
scapularis (black-legged tick or deer tick) in the eastern and upper midwestern United
States, in I. pacificus in California, in I. ricinus in Europe, and in I. persulcatus in Japan and
Russia (62, 67). Studies have reported small numbers of cases in humans from China,
southern regions of Russia, Europe, Japan, and the eastern and upper midwestern
United States (65, 68–71). In a larger study by Molloy et al. in 2015, 11,515 blood
samples collected from 2013 to 2014 in Massachusetts, Rhode Island, and New York
were tested by real-time PCR. Ninety-seven samples were positive for B. miyamotoi, and
of those patients, 51 had case reviews available that supported a diagnosis of B.
miyamotoi infection (55).

Clinical features. Symptoms of B. miyamotoi infection are similar to those associated
with A. phagocytophilum. In areas where other rickettsial diseases are rare, a presump-
tive diagnosis of anaplasmosis is not uncommon. Symptoms include fever (may be
relapsing), chills, myalgia, fatigue, arthralgia, lymphadenopathy, and possible EM rash
(65, 67). As health care providers become more aware of B. miyamotoi and testing
becomes more widely available, more will become known about the clinical presenta-
tion.

Diagnosis. Initial laboratory test results for B. miyamotoi infections show leukopenia,
thrombocytopenia, and elevated liver enzymes, similar to anaplasmosis. Spirochetes
may be visualized by Giemsa stain in the acute phase, when there is high spirochet-
emia. Glycerophosphodiester phosphodiesterase (GlpQ) has been selected for clinical
testing for B. miyamotoi. GlpQ was chosen as a target because it is not found in other
Lyme disease-causing Borrelia species, therefore making it easily distinguishable from
that group (68, 72). GlpQ is found in other relapsing fever Borrelia species; however, this
makes specificity an issue in areas where other relapsing fever spirochetes are enzootic
(e.g., the West Coast of the United States) (73).

Currently, PCR targeting B. miyamotoi GlpQ is the most specific test for B. miyamotoi
but is available from only a few commercial laboratories and some public health
departments. Blood is an appropriate specimen for PCR testing since there is high
spirochetemia in the acute phase (74). CSF is also an appropriate specimen for PCR.
Serology for testing of IgG antibodies to B. miyamotoi is performed by an indirect
enzyme-linked immunosorbent assay (ELISA) and by a two-step ELISA and Western blot
assay (72). Clinical testing for IgM and IgG antibodies to recombinant B. miyamotoi GlpQ
protein is available on an even more limited basis through commercial laboratories.
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Acute-phase serum samples should be taken within 7 days of the onset of symptoms,
and convalescent-phase serum should be drawn approximately 3 weeks after symptom
onset. Since cross-reactivity between B. miyamotoi and other relapsing fever spiro-
chetes can exist, the presence or absence of other endemic relapsing fever spirochetes
has to be considered. Diagnosis of B. miyamotoi (as in other infections) is confirmed by
a 4-fold rise in the antibody titer in acute- and convalescent-phase sera. B. miyamotoi
is cultivable in liquid media, but this is performed only in research settings (75).

Treatment. The typical treatment for B. miyamotoi is doxycycline for 14 days (65, 76).
It has been suggested that if a patient diagnosed with presumed anaplasmosis and
treated with doxycycline does not defervesce in the first 24 h, it may be due to a missed
diagnosis of B. miyamotoi or B. burgdorferi (76).

PARASITES (BABESIA)

Both the geographic range of ticks carrying Babesia microti and the incidence of
babesiosis have increased significantly over the last 20 years, primarily in the United
States. The clinical symptoms are similar to those of malaria. Like malarial parasites,
Babesia infects erythrocytes and therefore is a threat to the safety of the blood supply.
In recognition of the increasing incidence of transfusion-transmitted babesiosis, the
FDA issued recommendations in May 2019 for reducing risk. They include screening
donated blood using a licensed antibody and nucleic acid amplification testing (NAT)
or using pathogen reduction methods. They recommended that these approaches be
used only for blood collected in specified areas of endemicity (Connecticut, Delaware,
Maine, Maryland, Massachusetts, Minnesota, New Hampshire, New Jersey, New York,
Pennsylvania, Rhode Island, Vermont, Virginia, Wisconsin, and Washington, DC). In
states that do not screen donations or use pathogen-reduced blood components, a
donor questionnaire is recommended to guide donor deferral (77).

History

Babesiosis may date back to Biblical times; it is believed to be the plague described
as attacking cattle that belonged to Pharaoh Ramses II. The first description of the
parasite came from European pathologist and microbiologist Viktor Babes, for whom
the pathogen was named. In 1888, he observed organisms within the erythrocytes of
cattle exhibiting fever and hemoglobinuria. Cattle infections in the southern United
States led to the first discovery of arthropods as a disease vector. Theobald Smith, a
doctor from Albany, NY, and two veterinarians, Fred Kilbourne and Cooper Curtice,
demonstrated that ticks from infected Texas cattle could transmit Babesia bigemina to
previously uninfected northern cattle (78). Since then, more than 100 species of Babesia
with the ability to infect animals have been identified (79, 80). Fortunately, only a few
species are known to infect humans.

The first case of babesiosis in a human was described in 1957 when a 33-year-old
farmer from Yugoslavia became infected after grazing his cattle in a tick-infested
pasture. The farmer was asplenic and died within 2 weeks due to renal insufficiency
(81). The parasite responsible was thought to be Babesia bovis. However, given the
similarity in morphology and rarity of other reports of human infection, the species was
likely to have been Babesia divergens. Twelve years later, the first species-confirmed
case in the United States was identified in a 59-year-old woman living on Nantucket
Island, MA (82). This was also the first reported case of babesiosis in someone who had
an intact spleen. The patient recalled removing an embedded tick. She was treated with
chloroquine and recovered, although low-level parasitemia could be observed 4
months after her initial treatment, and subsequent reports found that chloroquine is
ineffective for the treatment of babesiosis. In this case, the parasite was identified as B.
microti, the species that has subsequently become endemic in the northeastern and
northern midwestern United States.

Epidemiology and Ecology

Ixodid ticks have long been identified as the vector for species of Babesia that cause
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disease in humans. In North America, I. scapularis is responsible for the transmission of
B. microti, while either I. scapularis (83) or Dermacentor albipictus (84) may be the vector
for Babesia duncani. In Europe, the primary vector for Babesia spp. is Ixodes ricinus. In
China, I. persulcatus has also been identified as a vector for human infections. Other
species of ticks have been shown to carry Babesia: Dermacentor reticulatus in Poland
(85), Haemaphysalis concinna and Dermacentor nuttalli in China (86), and Amblyomma
americanum and Dermacentor variabilis in the United States (87). However, the role of
these species in transmission to humans is unknown.

Most species of Babesia are maintained in ticks by both transovarial and transstadial
transmission. Thus, larval, nymphal, and adult ticks are all capable of transmitting the
parasite to humans or other mammals. However, for B. microti, transovarial transmission
has not been demonstrated (88). As a result, only nymphs and adults can transmit
disease after first feeding on an infected mammal during the preceding life cycle stage.

In the United States, the majority of babesiosis cases are caused by B. microti. Both
the number of cases and the geographic range have increased in the United States over
the last 20 years (89, 90). Due to the rapid increase in the number of cases, babesiosis
became a nationally notifiable condition in 2011. Surveillance for 2011 resulted in 1,124
confirmed or probable cases (Fig. 4) (91). The most recent surveillance results are from

FIG 4 Increase in the number of reported cases of babesiosis in the Unites States since the disease became
nationally notifiable in 2011. The inset shows the number of cases in New York (where babesiosis has been
a reportable disease since 1986) and the number of specimens that were positive for Babesia microti by
RT-PCR at the Wadsworth Center, New York State Department of Health.
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2016, when 1,910 cases were reported (92). The increase in the number of cases from
2011 to 2016 is consistent with the trend in the five northeastern states and two states
in the upper Midwest where �90% of cases have occurred. An example of the dramatic
rise in the number of cases over a longer period of time is shown in the inset of Fig. 4.
In New York, babesiosis has been a reportable disease since 1986. National and New
York data show that there tends to be an increase in the number of cases every other
year, which may be influenced by the 2-year life cycle of the tick.

Infections with species other than B. microti have occurred sporadically in the United
States, primarily in the 1990s. Namely, B. duncani (93, 94) and a Babesia sp. (95) closely
related to B. duncani were identified as causes of infection in Washington and California
(WA-1), while B. divergens or B. divergens-like/MO-1 (96, 97) parasites have caused
infections in Missouri, Kentucky, Washington, Arkansas, and Michigan (98, 99).

A significantly smaller number of cases of babesiosis occurs in Europe, and the
predominant species causing human infections has been B. divergens (100–102). Those
most at risk are farmers, forestry workers, and others who have contact with livestock
or spend considerable time outdoors in rural areas. The majority of cases (84%) have
been reported in individuals who were splenectomized, and the case fatality rate was
40 to 60% (100, 102). However, outcomes have been better with supportive therapy
and since treatment with atovaquone and azithromycin (103) or clindamycin and
quinine (104, 105) has become standard. In severe cases, exchange transfusion has
been utilized, although evidence for a beneficial effect is limited (106). The basis for
exchange transfusion stems from its use in the treatment of severe cases of malaria. A
thorough review of the literature failed to find supporting evidence for improved
survival with exchange transfusion for babesiosis or malaria (107).

A number of recent seroprevalence studies in Europe suggest that B. microti and
Babesia venatorum are now more prevalent than B. divergens. A seroprevalence survey
of French forestry workers showed that 2.5% of those tested were positive for anti-
bodies to B. microti, while only 0.1% had antibodies to B. divergens (108). Reactivity to
B. venatorum was not tested in this study. A similar study in Italy found that the overall
positivity for B. microti (4.6%) was slightly higher than for B. bovis (4.3%), B. divergens
(3.9%), and B. canis (3.4%) (109). Reactivity to B. bovis was detected using an assay
developed for use in cattle and likely represented cross-reactivity, as human cases of
infection with B. bovis have been described only rarely. The Italian study showed that
B. microti was more common in foresters, while the other three species were more
common in livestock keepers and veterinary practitioners (109). As in the French study,
seroreactivity to B. venatorum was not specifically tested. In Belgium, patients who had
a history of a tick bite and exhibited symptoms were tested for antibodies to B.
venatorum. The serosurvey results showed that 39.7% of patients were reactive to this
species (110). Rates of reactivity to B. divergens and B. microti were 33.2% and 9%,
respectively. A study of blood samples from patients in the Netherlands who reported
tick bites or had EM detected DNA from B. divergens in only 3 of 626 blood samples.
Although DNA from other tick-borne pathogens was detected, no other species of
Babesia were found. Directly evaluating Babesia in ticks showed that B. venatorum was
the species most commonly detected in several European countries (Norway, France,
Denmark, the Netherlands, and Germany) over the last 12 years (111–114) as well as in
mainland China (115). Taken together, data from the serosurveys as well as studies in
ticks suggest that B. divergens is no longer the most prevalent species in France, Italy,
and the Netherlands.

Human babesiosis has been reported in China, including cases of infection with B.
microti (116) and B. venatorum (117), which is endemic in northwestern China. Although
several studies have reported the incidence of B. divergens or B. microti in ticks and
mammals in Japan (118–121), to date, only sporadic human cases have been reported
(122). Similarly, India (123), Egypt (124), the Democratic Republic of the Congo (125),
and Australia (126) have occasionally reported human cases.

Babesiosis has rarely been reported in South America. A small study of people living
in rural northwestern Colombia indicated that 30.6% (127) had antibodies to B. microti.
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A 2013 study in rural Bolivia detected B. microti in 9 of 271 (3.3%) healthy volunteers,
and the seroprevalence among all study participants was 45.7% (128). Thus, based on
high seroprevalence, at least in rural areas, it is likely that the true incidence of infection
is greater than the reported cases.

Clinical Features

The time required for transmission after tick attachment has not been studied in
humans. Early studies in hamsters and white-footed mice suggest that the time period
may be 36 to 54 h, similar to the time for transmission of B. burgdorferi (129). Symptoms
of babesiosis depend on the species causing the infection and the immune compe-
tence of the patient (130). For transfusion transmission, symptoms can occur from 1 to
6 weeks after receiving the blood product, although the average incubation time is
36 days (130). The incubation period for tick-borne cases is between 1 and 4 weeks.
However, most patients do not recall a tick bite, and about 25% of infections in adults
and 50% in children are asymptomatic or cause only minor symptoms. For milder cases
associated with parasitemia of �4%, the most common symptoms of infection with B.
microti are fever (83 to 85%), chills (63 to 66%), and myalgia (64 to 68%) (91, 131).
Individuals who are immunocompromised (people who have HIV infection, have a
malignancy, are on immunosuppressive drugs, or are recipients of an organ transplant),
have certain comorbid conditions (such as chronic obstructive pulmonary disease,
congestive heart failure, or liver disease), have had a splenectomy, are neonates, or are
elderly typically have more severe disease. Complications of babesiosis include acute
respiratory distress, renal failure, congestive heart failure, shock, and disseminated
intravascular coagulation. Complications are associated with severe anemia and high-
level parasitemia (�10%). Between 2% and 9% of B. microti infections that require
hospitalization are fatal (132–134), and the fatality rate in transfusion-transmitted cases
can be as high as 20% (135).

Infection with B. divergens and B. venatorum in immunocompetent patients can
cause flu-like symptoms similar to those associated with B. microti but more frequently
include headache and arthralgia (115, 136). In people who have undergone prior
splenectomy, Babesia infections and especially B. divergens infections have typically
been severe, with a high fatality rate (137). One case of severe B. divergens infection in
an immunocompetent patient has been reported (103). A small number of cases of B.
duncani infection have been reported from the West Coast of the United States, with
similar risk factors and clinical presentations (95).

The primary route of infection is through a tick bite from an Ixodes tick, but
transmission by contaminated blood products and organ transplantation and congen-
ital transmission can occur. Indeed, B. microti is the infectious agent with the highest
number of reports of transfusion transmission and is associated with the most deaths
due to pathogen contamination of blood products. From 1979 to 2009, there were 159
cases of transfusion-transmitted babesiosis in the United States (138), and from 2004 to
2015, there were 55 cases in New York State alone (139). Both reports noted that
transfusion-associated transmission increased over the time period studied, which
reflects the increase in the number of cases of babesiosis overall (91, 131). Congenital
transmission has been clearly demonstrated, and while only a few cases have been
reported (106, 140–142), underreporting is likely. Typically, the mother is unaware of
the tick bite or the parasitic infection, and neonates develop symptoms at 2.5 to
7 weeks of age with high-level parasitemia and anemia leading to exchange transfu-
sion. Thus, asymptomatic or mild cases in immunocompetent people can have severe
consequences for both blood product recipients and newborns.

Diagnosis

The diagnosis of babesiosis is routinely made by microscopic examination of
Giemsa-stained blood smears with the detection of the parasite in red blood cells.
Especially for hospitalized patients, microscopic examination of blood smears is con-
sidered the preferred test, as it can be performed on-site with rapid results, can detect
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clinically relevant parasitemia, and provides quantification of parasitemia to guide
therapy. While inexpensive to perform, microscopy is labor-intensive, requires skilled
microscopists, and may fail to detect low-grade parasitemia, typically less than 0.1%. In
countries where malaria is endemic, or for patients with a history of travel to an area
where malaria is endemic, confusing Babesia spp. and Plasmodium falciparum is a
concern (116, 125, 143). The identification of Babesia to the species level is not possible
with microscopy. PCR assays for Babesia have been developed and are available in
commercial and reference laboratories (144, 145). Nucleic acid-based methods are more
sensitive than microscopy (145), less labor-intensive, and extremely specific. Multiplex
PCR assays can also be used to simultaneously detect any tick-borne pathogen that
might be present and thus avoid missing coinfections (50).

Indirect immunofluorescence assays (IFAs) can be used to detect IgM and/or IgG
antibodies. However, serology may yield negative results in the very early stages of the
infection (146) and is best performed with acute- and convalescent-phase serum
samples to demonstrate a 4-fold rise in the IgG titer. A low IgG titer in an acute-phase
sample usually represents past infection. IgM can be useful but, as with all IgM tests,
can be falsely positive.

Treatment

Babesiosis is treated with a combination of an antiparasitic and an antibiotic. For
mild to moderate disease, the combination of atovaquone plus azithromycin is the
treatment of choice. The recommended treatment for severe disease is quinine plus
clindamycin, with or without exchange transfusion (147, 148). The latter drug combi-
nation is less well tolerated. A study of 58 patients from the northeastern United States
showed that 72% of patients receiving quinine plus clindamycin experienced side
effects; in 33% of these patients, the side effects were severe (149). Adverse effects
included auditory complaints of tinnitus and decreased hearing as well as vertigo,
diarrhea, and rash. In comparison, only 15% of patients who received atovaquone plus
azithromycin experienced side effects, which were primarily diarrhea and rash.

Despite side effects, the combination of quinine plus clindamycin is recommended
when parasitemia is �10%, hemolysis is significant, or kidney, liver, or lung function is
compromised. However, recent evidence suggests that atovaquone plus azithromycin
can be just as effective (133, 150–152). Treatment for longer than the recommended
10-day course may be necessary, as symptoms and parasitemia may persist or recur for
several weeks to months (146, 153) or longer, particularly for immunocompromised
patients (154, 155).

Cases of relapsing babesiosis have been reported in immunocompromised hosts,
especially those who have an impaired antibody response. Longer treatment regimens
are typically effective in clearing the parasites (156). Nevertheless, there is evidence of
the occasional development of resistance during prolonged therapy in immunocom-
promised hosts. Mutations in the cytochrome b (cytb) and ribosomal protein L4 (rpl4)
genes emerged after 6 weeks of treatment in a patient who had previously been
diagnosed with leukemia (157). A B. microti whole-genome study, which included
isolates from 5 relapse cases, also identified mutations in cytb and rpl4 (79). The
association of the mutations with resistance is strengthened by their role in resistance
to atovaquone (cytb) and azithromycin (rpl4) in the related apicomplexan parasite P.
falciparum (158, 159) and in Babesia gibsoni, which infects dogs (160).

VIRUSES

Currently, more than 35 species of viruses from six different virus families are transmit-
ted by ticks. All tick-borne viruses, with only one exception (African swine fever virus, family
Asfarviridae), are RNA viruses. These viruses are increasing in prevalence on a global scale
as a consequence of anthropogenic changes bringing humans into greater contact with
ticks as well as burgeoning tick populations. New tick-borne viruses are being identified
regularly, increasing the risk of disease from tick bites. Virus-tick-vertebrate host relation-
ships are highly specific, and �10% of all tick species (Argasidae and Ixodidae) are known
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to play a role as vectors of arboviruses. Understanding the basic biology, ecology, clinical
features, and diagnosis of these agents is critical to public health and is addressed for
selected viruses that cause disease in humans.

Flaviviridae: Tick-Borne Encephalitis Virus and Powassan Virus

There are four major virus groups within the Flavivirus genus (family Flaviviridae),
which can be distinguished by their ecological, biological, and genetic characteristics.
Tick-borne flaviviruses (TBFVs) comprise one of the groups, and mosquito-borne,
no-known-vector, and mosquito-only viruses (i.e., viruses that infect only mosquitoes)
comprise the other three. Among the 160 currently known tick-borne viruses are the
mammalian, seabird, and Kadam flaviviruses, which include a number that pose
significant global threats to human and animal health. The most important mammalian
TBFVs (originally named the tick-borne encephalitis complex) are tick-borne encepha-
litis virus (TBEV) and Powassan virus (POWV) (161), which are discussed here. As the
most widespread tick-borne virus and the most genetically diverse arbovirus, Crimean-
Congo hemorrhagic fever virus (CCHFV) (Bunyavirales: Orthonairovirus) is also discussed.
While other viruses in this group are not discussed, they also cause serious disease and
are likely to be the focus of future reviews. These viruses include Omsk hemorrhagic
fever virus (OHFV) and Kyasanur Forest disease virus (KFDV), both of which cause
hemorrhagic fever, and Langat virus (LGTV) and louping ill virus (LIV), which infect the
central nervous system.

Background. TBEV includes three pathogenic subtypes, Far Eastern (previously
Russian Spring-Summer encephalitis), Siberian (previously west-Siberian encephalitis),
and Western European (previously central European encephalitis [CEE]); the variation in
amino acid sequences between subtypes is 5 to 6% (162). Viruses antigenically related
to TBEV were originally known as the TBEV serocomplex but have been renamed the
mammalian group of tick-borne flaviviruses (161).

These viruses are prevalent in foci of endemicity across the Eurasian continent from
Japan to France. An expansion of prevalence in northern Russia, Sweden, and Finland,
as well as in Mongolia, northern China, Denmark, Kazakhstan at altitudes of 1,000 to
2,100 m, Kyrgyzstan, and isolated areas of endemicity in Armenia, Azerbaijan, and
Uzbekistan, has been observed in recent years (163). The increased prevalence of these
viral infections is likely due to improved diagnostics as well as increasing interest in
tick-borne disease.

Powassan virus is the most genetically divergent member of the TBFV group (164)
and exists as two lineages, POWV (lineage 1) and DTV (deer tick virus) (lineage 2), in
which the E protein nucleotide and amino acid sequences differ by 14.6% and 4%,
respectively (136, 137, 165). Thus, the two lineages are considered distinct genetic
subtypes or genotypes that likely diverged and evolved independently into two distinct
ecological niches from a single origin (166). DTV and POWV have coexisted throughout
the historical range of POWV (167). Both lineages are responsible for human disease
(167, 168). POWV is conserved over space and time (167, 169); e.g., virus isolated from
Primorsky Krai, Russia, in 2006 (170) was 99.8% similar to the POWV LB strain isolated
in Canada in 1958. This genetic homogeneity is true of all mammalian tick-borne
viruses, which appear to have evolved as a complex of viruses, despite their distribution
across a wide biogeographic area.

An apparent increase in case numbers of POWV/DTV has been observed in the
United States. Among possible factors having an impact on this are improved diag-
nostics leading to increased detection, climate change affecting populations of I.
scapularis (the predominant vector for DTV) (171, 172), as well as increased human-tick
contact due to changes in recreational activities and landscape. POWV has a wide
distribution, as evident by detection in its enzootic hosts in North America and Far East
Asia (173) as well as the Nearctic zoogeographic region, including mainly Canada and
the United States (174). Serologically positive wild mammals have been reported in the
United States, British Columbia, Alberta, Ontario, Nova Scotia, and southeastern Siberia.
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Epidemiology and ecology. The transmission cycles of both prototype POWV and
DTV involve ixodid ticks (hard ticks) and small mammals. Virus transmission can be
accomplished through tick feeding on viremic vertebrates as well as cofeeding or
nonviremic transmission. Cofeeding or nonviremic transmission occurs when unin-
fected ticks feed in close proximity to an infected tick without the need for the
vertebrate host to have virus circulating in the blood. This mechanism of transmission
was demonstrated in the laboratory with TBEV by Labuda and colleagues (175) as the
predominant means of virus transmission of TBEV. It has been modeled for POWV for
long-term maintenance in natural foci (176). A third mode of transmission is transo-
varial transmission through the egg, as has been documented in the laboratory with I.
ricinus, Dermacentor reticulatus, Haemaphysalis longicornis (neumanni), and other ticks
and various strains of TBEV (177, 178).

The principal vector of prototype POWV is Ixodes cookei (woodchuck or groundhog tick),
especially in the northeastern United States and eastern Canada (179–186). This species
extends from South Dakota to Texas northeasterly through the United States and eastern
Canada. Little is known about the vector competence of this species because it is difficult
to collect sufficient numbers of individuals to conduct such studies.

I. cookei is also known as the groundhog tick because of its propensity to feed on
groundhogs (Marmota monax), but it will also feed on carnivores and occasionally humans
(187–190). Morphologically, I. cookei is very similar to I. scapularis, but ecologically, it is quite
different in more ways than its feeding habits alone. I. cookei is found mostly in woodchuck
burrows, similar to nidicolous argasid ticks, and likely is transported with the woodchuck as
it moves to new burrows by dispersal of young animals or adult woodchuck movement
(189). Unlike I. scapularis, it does not quest and thus is generally collected not by dragging
or flagging but rather by swiping woodchuck burrows. Humans rarely encounter I. cookei
(187–190; New York State, unpublished data), which may explain the relatively low number
of human cases of prototype POWV encephalitis.

I. scapularis is the most important vector of DTV; however, the virus has also been
isolated from Dermacentor andersoni ticks in Colorado. I. scapularis has three hosts in its
life cycle: larva, nymph, and adult. Each stage takes a blood meal from a separate
distinct host (191). Peromyscus leucopus (white-footed mouse) is the preferred host of
I. scapularis larvae, although they have been recorded feeding on numerous other
species (192). Nymphs feed more indiscriminately on a wider range of hosts, including
small mammals, birds, reptiles, and humans (187, 192–196). Larger animals such as deer
and livestock constitute the main blood meals of adult females (187, 192, 193). The
majority of tick-derived DTV isolates have obtained been from the adult stage of I.
scapularis (166, 197–200) (New York State, unpublished data).

I. scapularis has been demonstrated experimentally to be a competent vector of POWV
(lineage 1 [201] and lineage 2). Infection rates of 10%, 40%, and 57% were observed for
larvae, nymphs, and adult females, respectively, after feeding on POWV lineage 1 viremic
hosts (201). Transstadial (larva to nymph or nymph to adult) and transovarial (adult female
to progeny) transmissions were also reported in this study. Transmission of DTV to naive P.
leucopus by infected nymphal I. scapularis ticks in �15 min was demonstrated in a more
recent study (202). Thus, POWV differs from other tick-borne pathogens, such as Borrelia,
Ehrlichia, and Babesia, in lacking a grace period for the removal of an attached tick to
prevent pathogen infection. This is likely because the virus is already in the salivary glands
of the tick at the time of feeding. Transstadial transmission was also noted in the same
study. Due to the indiscriminate feeding behavior and experimentally derived vector
competence of I. scapularis, it is hypothesized that it may have provided the bridge for
POWV to escape from the focal, enzootic cycle to become an emerging virus.

More than 14 species of ticks can be infected by TBEV, but I. ricinus and I. persulcatus
are the principal vectors of the Western European subtype and the Siberian and Far
Eastern subtypes, respectively (203). The main vector of TBEV in China is I. persulcatus;
however, this virus has also been isolated from H. concinna, Haemaphysalis japonica,
Dermacentor silvarum, and Ixodes ovatus (204).

The first reported case of POWV encephalitis occurred in Ontario, Canada, in 1958
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(205), followed by 27 cases reported from 1958 to 1998 in North America. From 1999
to 2005, an additional nine cases were reported in the United States (206), and one was
reported in Canada (207). POW encephalitis was reported in Russia in 1973, and 14
additional cases were reported between 1974 and 1989 (170). In the United States, a
total of 98 cases have been reported, of which 88 were neuroinvasive, causing 11
deaths (208). The number of POWV cases reported strongly suggests an increase in the
incidence of this disease in recent years (206, 209).

Clinical features. TBEV causes clinical disease in more than 10,000 to 20,000 humans
in Europe and Asia per year. An increased incidence of TBE has been noted in Europe,
as a consequence of climate and socioeconomic changes (163, 210, 211), and the areas
of endemicity for TBEV are shifting northward. This group of viruses produces a wide
range of disease symptoms as well as subclinical infections depending on the subtype.
The European and Siberian subtypes of TBEV generally cause biphasic fever character-
ized by an influenza-like prodromal phase followed by an asymptomatic period and, in
one-third of cases, a second phase with aseptic meningitis, encephalitis, or meningo-
encephalitis (211, 212). Up to 50% of patients have long-term sequelae (213) Asymp-
tomatic and subclinical infections constitute approximately 70 to 95% of all TBEV
infections (213). Following an outbreak of the Far Eastern subtype of TBEV in China in
1952, approximately one-third of the patients had sequelae, and approximately one-
third of the patients died (204).

Similarly, POWV also produces disease symptoms that range from mild to severe
(encephalitis) as well as asymptomatic infection. Unlike TBEV, POWV has not led to
major outbreaks. DTV had been thought to cause milder illness than prototype POWV
(178); however, at least two recent cases of DTV were fatal (168, 214), demonstrating
that this virus has the potential to be highly virulent. A comparative experimental
infection of mice should be able to shed light on this question. Regardless, severe
disease is rare (215), but encephalitis in humans may be associated with significant
neurological sequelae.

The incubation period of POWV extends from 8 to 34 days (216, 217). A prodrome
of nonspecific symptoms lasting 1 to 3 days may include sore throat, drowsiness,
generalized malaise, nausea, headache, myalgia, and disorientation (216). Early symp-
toms include a sudden onset of fever with a temperature of up to 40°C and convulsions
(216, 217). Severe disease manifests as encephalitis, meningoencephalitis, and aseptic
meningitis with vomiting, respiratory distress, prolonged fever, stupor, and convulsions.
Patients may experience generalized weakness, ataxia, tremor, and ocular symptoms
(206). In some cases, a fine macular erythematous rash has been reported (138, 168,
216–220), as have muscle weakness or rigidity and some degree of paralysis in some
patients (168, 206, 217, 218, 221–224). In the most severe cases, patients become
comatose, and a fatality rate of approximately 10% has been reported (197, 225).

It is nearly impossible to differentiate the nonspecific symptoms of POWV from
those caused by other arboviruses. A seroprevalence of up to 3% of the population in
certain northern Ontario communities was noted in 1962 (185). Thus, it is clear that, as
with other arboviral infections, subclinical infections occur. More recent large-scale
serosurveys have not been conducted.

Diagnosis. Since POWV is endemic in North America and symptoms are nonspecific, it
should be included in the differential diagnosis when arboviral encephalitis is suspected,
especially when a tick bite is recalled. An in-depth patient history should include questions
on travel history, recent outdoor activities, contact with animals, tick bites, and vaccinations.
Since I. scapularis is able to transmit POWV within 15 min of attachment (202), finding an
attached tick should serve as a warning to be alert to symptoms.

Neurologic patients whose blood work suggests viral infection are often tested by
PCR of blood or CSF. But with TBEV, this assay is useful only during the viremic period
before antibody production begins and prior to CNS symptoms. Therefore, PCR has no
diagnostic value after viremia drops and is not a suitable method for the detection of
TBEV in CSF (212).

For both suspected TBE and POWV infection, serologic assays are generally the
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principal diagnostic method because of the short-lived viremia. These assays include
IgM antibody capture enzyme-linked immunosorbent assays (MAC-ELISAs) and indirect
IgG ELISAs (226, 227). Alternative assays, such as the indirect fluorescent-antibody test,
may be used but are less sensitive than ELISAs and not suitable for high-throughput
testing (228). Newer assays have been developed, such as fluorescent-microsphere
immunoassays (MIAs), which employ the virus envelope to measure flavivirus antibod-
ies (229, 230). POWV-positive results are generally confirmed by a PRNT (plaque
reduction neutralization test) in biosafety level 3 (BSL-3) containment facilities (231). A
PRNT is required because the possibility of cross-reaction with other flaviviruses is
common. TBEV confirmation by a PRNT must be conducted in a BSL-4 facility, placing
a severe limitation on the number of laboratories that can perform this test.

Treatment. Treatment is supportive only, but vaccination is used prophylactically
against TBEV because of the high incidence of infection in Europe. A number of TBEV
vaccines have been developed, including TBEV vaccines that contain inactivated viral
antigens of strains of Far Eastern (Sofjin and 205) or European (Neudorfl and �23) TBEV
subtypes (232, 233). TBEV vaccine Moscow (against Sofjin) has been tested in mice
against a range of TBEV variants. It successfully protected against these variants but did
not protect mice against 10 doses at 50% lethality (LD50) of POWV (234). An additional
problem encountered is vaccine breakthroughs, mainly in older individuals �60 years
old. In these individuals, the vaccine-induced immune responses, while present, did not
appear to be sufficiently protective to prevent infection (235). Recently, a lipid nano-
particle (LNP)-encapsulated modified mRNA vaccine carrying the POWV prM and E
genes was developed, which was protective in mice after one or two doses against
lethal challenge with both lineage 1 and 2 POWV strains. In addition, the vaccine
induced cross-neutralizing antibodies against multiple other tick-borne flaviviruses,
including the distantly related Langat virus (236).

Bunyavirales: Crimean-Congo Hemorrhagic Fever Virus

The bunyaviruses, more than 300 in number, were reclassified in 2016 by the
International Committee on Taxonomy of Viruses (237). Most members of the former
family Bunyaviridae have been elevated to a new order, Bunyavirales, which is subdi-
vided into 9 families (Feraviridae, Fimoviridae, Hantaviridae, Jonviridae, Nairoviridae,
Peribunyaviridae, Phasmaviridae, Phenuiviridae, and Tospoviridae) and 13 genera. The
hantaviruses are rodent-borne viruses, while three families (Nairoviridae, Phenuiviridae,
and Peribunyaviridae) include tick-borne viruses, and the tospoviruses infect plants.

Background. Crimean-Congo hemorrhagic fever virus (CCHFV) is the causative
agent of the most widespread tick-borne viral infection of humans, causing severe viral
hemorrhagic fever outbreaks with a case fatality rate of 5 to 30% (238, 239). The first
definitive cases of CCHF were recognized in 1944 during a large outbreak among
agricultural workers in the Crimean peninsula (240), but recent phylogenetic analysis
indicates that the virus dates back more than 2,500 years (241, 242). CCHFV has been
reported in more than 30 countries over a wide geographic area, including Asia, Africa,
southeastern Europe, and the Middle East. This range is similar to that of its major
vector and reservoir, Hyalomma species ticks (Fig. 5) (243, 244). Although the virus
appears to be expanding its range, genetic analysis indicates that it has been present
in many locations, circulating without being noticed, for more than 1,000 years. Most
recent outbreaks result from environmentally favorable conditions that result from
changes in agricultural practices, transport of livestock, migration of human popula-
tions, as well as climate (245). CCHFV must also be considered a potential agent for
bioterrorism (246) because of the ease of amplifying the virus to high titers in large
volumes, infectiousness for humans, the severity of the disease, the ability to be
transmitted by aerosol, and the lack of measures available for its control (247).

Epidemiology and ecology. Humans most often become infected through the bite
of a tick, by exposure to a highly infected patient with CCHF during the acute phase of
infection, or by contact with blood or tissues of infected livestock, especially during
slaughtering (248). CCHFV is maintained in nature by ixodid ticks predominantly of the
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genus Hyalomma. Although CCHFV has been detected in other tick species, these ticks
appear to be incapable of transmission and probably acquire the virus through
cofeeding or feeding on viremic hosts (249, 250). Hyalomma species ticks are consid-
ered to be the sole reservoir of CCHFV. Blood meals taken by larvae and nymphs from
small mammals such as hedgehogs, hares, and ground-feeding birds and by adults
from large ungulates result in brief periods of viremia but no disease (251). Although
small and large mammals are not considered reservoirs of the virus, they play an
important role in supporting the tick vector population through blood-feeding and
cofeeding transmission (251). The establishment of a focus of endemicity of CCHFV
relies on adequate densities of both Hyalomma species ticks and vertebrate hosts (251).
It is important to note that the low levels of viremia in vertebrate hosts nonetheless
result in CCHFV seropositivity, which serves as an important tool in mapping regions of
endemicity and the potential for future outbreaks (243, 244). Once the virus is acquired,
each tick remains infected with CCHFV for its lifetime, and the detection of virus in eggs
and unfed larvae (evidence of transovarial transmission) and transstadial passage mean
that an initial infection can last for generations (250).

The emergence of new CCHF outbreaks due to bird migration or the transport of
livestock carrying ticks has been proposed but not yet proven (239, 252). Climate
change can influence the spread of CCHFV by altering tick seasonal behavior and
growth patterns and redirecting bird migration routes (253).

Clinical features. Like most arboviral infections, CCHFV infections initially present as
nonspecific febrile illness (238); it has been estimated that 88% of infections are
subclinical (254). Four progressive stages of CCHF infections have been identified:
incubation, prehemorrhagic, hemorrhagic, and convalescent (240, 255). The onset of
disease is rapid, with an incubation period of 1 to 7 days, during which the virus
replicates and disseminates. The prehemorrhagic period, identified by the rapid onset
of symptoms, lasts an average of 3 days and ends when bleeding from various sites
commences. During this stage, viremia is peaking, and reverse transcription-PCR (RT-
PCR) can be used to detect circulating virus (256–259). Virus isolation is also possible
during this period.

FIG 5 Geographical distribution of Crimean-Congo hemorrhagic fever (CCHF). Source data for the map are from the World Health
Organization. The boundaries and names shown and designations used on this map do not imply the expression of any opinion
whatsoever on the part of the World Health Organization concerning the legal status of any county, territory, city, or area or of its
authorities or concerning the delimitation of its frontiers or boundaries. (Modified from the World Health Organization map at
http://www.who.int/emergencies/diseases/crimean-congo-haemorrhagic-fever/en/.)
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The hemorrhagic stage typically begins on days 3 to 5 of illness and lasts 2 to 3 days
(239). It is usually marked by the appearance of petechiae caused by bleeding from
broken capillaries. Severe cases present with disseminated intravascular coagulation
(DIC), bleeding from multiple sites (212), and shock (255). Compared to other hemor-
rhagic fevers, CCHF results in the most severe bleeding and ecchymosis (256). In fatal
cases, death generally occurs on days 5 to 14, resulting from hemorrhage, multiorgan
failure, and shock (238).

The convalescence stage for survivors occurs about 10 to 20 days after illness (260,
261). Laboratory test results usually return to normal levels within 5 to 9 days, but
surviving patients often experience a variety of health problems, which may not resolve
for a year (238, 239, 262). Relapse of infection has not been observed (238, 239).

Case fatality rates for CCHF have ranged from 5 to 80%, but the higher rates
reported may be due to the low case numbers in an outbreak and the probability that
less severe cases were not identified and included in the denominator (240).

Diagnosis. Suspected cases are evaluated based on clinical symptoms, patient
history, and diagnostic laboratory tests (239). Nonspecific laboratory tests should be
conducted first, such as hematological and biochemical measurements, including
complete blood counts and liver enzyme tests, followed by more specific testing of
serum, utilizing RT-PCR early in infection and an ELISA later in infection. A positive PCR
or positive IgM result is considered confirmatory.

Since other hemorrhagic fevers exhibit early symptoms similar to those of CCHFV, it
is important to consider the other viruses circulating in each region for an accurate
differential diagnosis. CCHFV covers a vast geographic range where other agents
causing hemorrhagic fever are endemic, so each region will have specific agents to
consider for differential diagnosis (263). For example, in China, CCHF needs to be
differentiated from TBE. Other diseases with similar symptoms include brucellosis,
rickettsial infections, babesiosis, spirochetosis, Q fever, Japanese encephalitis, poliomy-
elitis, dengue hemorrhagic fever, Lyme disease, malaria, mumps, and other viral hem-
orrhagic infections (204).

As soon as CCHF is suspected, precautionary measures should be activated, including
isolation of the patient, barrier precautions to prevent nosocomial transmission, and
communication to colleagues and staff, since transmission of CCHFV from patients to
health care workers may be controlled effectively if universal precautions are adopted (264,
265).

The development of IgM antibody occurs approximately 5 to 7 days after the onset
of symptoms and persists for 4 months. IgG may be detected in as early as 7 days and
can persist for 5 years (239). IgM and IgG are usually detected by an ELISA in paired
acute- and convalescent-phase sera, which is more specific and sensitive than immu-
nofluorescence assays (266). IgM is confirmatory for diagnosis, but antibodies are often
not detected in fatal cases (239). The presence of IgG is not considered confirmation of
acute illness, as it may represent past infection (263). A review of available ELISAs has
recently been published (266).

Treatment. During the prehemorrhagic period when viremia is most pronounced,
the first phase of treatment is often with ribavirin, a guanosine analog that has been
used to treat CCHF patients since 1985 (267). Although results of treatment with
ribavirin are mixed (249, 268), the available literature provides convincing evidence that
prompt administration of ribavirin can be effective (263, 269, 270). Recently, the
antiviral drug T-705 (favipiravir), which directly inhibits viral RNA polymerases and is
approved in Japan to treat influenza infection, has been shown to be more potent than
ribavirin against CCHFV in vitro and in vivo (271). Antiviral treatment is not effective
after the onset of the hemorrhagic period due to the decrease in the viral load (255).

With or without the administration of antivirals, supportive care is essential for the
control of CCHV infection. Based on fluid and electrolyte balance and blood cell counts,
thrombocytes, fresh-frozen plasma, and erythrocyte preparations are administered as
replacement therapy (255). Platelet transfusions are used to prevent bleeding caused
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by thrombocytopenia or platelet dysfunction. The use of immunoglobulin therapy with
anti-CCHFV hyperimmunoglobulin has been limited, and more data are needed (249).

A licensed vaccine for CCHF is not available, but ongoing research is promising
(252). One of the major limitations is the lack of an animal model. Nonhuman primates
do not develop disease, perhaps due to the inability to deplete the host’s innate
interferon (IFN)-mediated defense mechanism (272). Results from a number of studies
have shown that both antibody and T cells are required to prevent lethal CCHFV
infection (252, 273). One promising vaccine candidate uses a modified vaccinia virus
Ankara (MVA) vector expressing the CCHF viral glycoprotein, which induces both
humoral and cellular immunogenicity (273, 274).

Recently Emerged Tick-Borne Viruses: Severe Fever with Thrombocytopenia Syn-
drome, Heartland, and Bourbon Viruses

New tick-borne viruses have emerged in the past decade. Two are in the order
Bunyavirales, i.e., severe fever with thrombocytopenia syndrome virus (SFTSV) and
Heartland virus (HRTV) (species phlebovirus, genus Phlebovirus, and family Phenuiviri-
dae). Illness from SFTSV was first confirmed in China in 2009 (275). It was retrospectively
identified in South Korea in 2010 (276) and 2012 (277) and in the western regions of
Japan in 2013 (278). The vector most commonly associated with SFTSV is Haemaphys-
alis longicornis (279). Virus infection can cause hemorrhagic symptoms with leukopenia
and thrombocytopenia as well as neurological symptoms and multiorgan failure.

Heartland virus is related to SFTSV and was first reported in the United States. This virus
was first isolated from two farmers aged 57 and 67 years in Missouri in 2009. Since 2012,
more than 35 cases have been reported (280). Six confirmed Heartland virus disease cases
were identified in 2012 to 2013 (281, 282). All were Missouri residents, except one who was
a Tennessee resident. All were males aged 50 to 80 years (median age, 66 years). Symptoms
were noted from May to September. All had fever, thrombocytopenia, and leukopenia
when first evaluated. All of them reported fatigue and anorexia, and most reported
headache, nausea, myalgia, and arthralgia. Four of the five were hospitalized. One patient
with multiple comorbidities died. All cases reported spending time outdoors, and most of
them reported tick bites in the 2 weeks prior to the illness (283). Three fatal cases have been
reported. The second death was a 68-year-old man who had been in good health until
being bitten by an infected tick and who received very aggressive care. On autopsy, the
virus was found systemically throughout his body.

Diagnosis requires laboratory tests since individuals with acute HRTV disease have
clinical signs also seen with tick-borne ehrlichiosis, such as thrombocytopenia at
presentation and leukopenia in some cases. Unlike HRTV, ehrlichiosis can be treated
successfully with antibiotics. Since viruses do not respond to antibiotic treatment, a lack
of a response to such treatment is indicative of a viral etiology (280). Two critical needs
are improved diagnosis and treatment of HRTV.

The predominant vector of HRTV appears to be Amblyomma americanum, the Lone Star
tick. Transmission can occur transstadially from one stage to the next, vertically from adult
to offspring, and by cofeeding infection. SFTV can also be transmitted from person to
person or from infected animal to person through infected blood. These routes of infection
have not been observed with the few cases of HRTV that have been reported (282).

Another new tick-borne virus in the United States, Bourbon virus (BRBV) (Ortho-
myxoviridae: Thogotovirus), has been detected in humans. Bourbon virus was first
discovered in 2014 in Bourbon County, KS, in a previously healthy 50-year-old male
presenting with flu-like symptoms who died after being bitten by ticks (284). Symptoms
included fever, anorexia, chills, headache, myalgia, and arthralgia. Other viruses of the
genus Thogotovirus are tick borne and have only rarely been shown to cause human
illnesses. Very little is known about this virus since there have been only five known
cases of Bourbon virus infection. The symptoms that have been reported are high fever,
headache, decreased appetite, muscle aches, joint pain, fatigue, malaise, nausea,
vomiting, diarrhea, and a maculopapular rash on the abdomen, chest, and back.
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Following acute infection, acute respiratory distress syndrome and multiple-organ
failure may develop (285).

The vector of BRBV is thought to be Amblyomma americanum (L.) ticks on the basis
of virus isolation from three pools of adults and nymphs in northwestern Missouri at a
location near Bourbon County, KS (286). It should be noted that Dhori virus, an Old
World virus from Europe, North Africa, and western and central Asia that is closely
related to BRBV, has also been isolated from mosquitoes as well as ticks (286). Also, of
note is that a pool of male adult A. americanum ticks was positive for both HRTV and
BRBV. Because this was a pool, it is more likely that two ticks collected from the same
location were infected, one with each virus, but it could possibly be a coinfection. Until
more is known about these two viruses, we can only speculate on their ecology.

TICK CONTROL AND TICK BITE PREVENTION

Personal protective strategies can help in the prevention of tick-borne disease.
Avoid spending time in high-risk areas that include places with high grass, dense
woods, and low-lying brush and stay to the center of cleared walking paths. Wear
long-sleeved shirts and long pants; tuck the shirt into the pants and the pants into
socks. Wear closed-toed shoes or boots. Clothing should be light in color, not to repel
ticks but to make them easier to spot. Wear repellants, such as DEET or other products
that are approved by the Environmental Protection Agency and can be applied to the
skin, or 0.5% permethrin, which can be used to treat clothing, shoes, and camping gear.
Prevention of tick attachment will prevent transmission and can be facilitated with daily
showers, tick checks, and prompt tick removal. Exposure to ticks may also result from
exposure to domestic and companion animals that bring ticks into the house. Tick
prevention in pets using repellents and tick checks after domestic animal exposure may
assist in prevention (287). Vigilance for unexplained fevers or flu-like symptoms when
living in or visiting areas where ticks are endemic can help in early detection, which is
key to early treatment and optimal outcomes. Finally, environmental controls such as
keeping grass mowed short, keeping brush and leaf litter away from frequented areas,
keeping children’s swing sets in sunny areas and away from forested areas, and keeping
stacks of wood away from houses and off the ground are methods that can help
prevent exposure to ticks.
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261. Ergönül O, Celikbaş A, Dokuzoguz B, Eren S, Baykam N, Esener H. 2004.
Characteristics of patients with Crimean-Congo hemorrhagic fever in a
recent outbreak in Turkey and impact of oral ribavirin therapy. Clin
Infect Dis 39:284 –287. https://doi.org/10.1086/422000.

262. Swanepoel R, Shepherd AJ, Leman PA, Shepherd SP, McGillivray GM,
Erasmus MJ, Searle LA, Gill DE. 1987. Epidemiologic and clinical features
of Crimean-Congo hemorrhagic fever in southern Africa. Am J Trop
Med Hyg 36:120 –132. https://doi.org/10.4269/ajtmh.1987.36.120.

263. Ergonul O. 2012. Crimean-Congo hemorrhagic fever virus: new out-
breaks, new discoveries. Curr Opin Virol 2:215–220. https://doi.org/10
.1016/j.coviro.2012.03.001.

264. Ergonul O, Zeller H, Celikbas A, Dokuzoguz B. 2007. The lack of
Crimean-Congo hemorrhagic fever virus antibodies in healthcare work-
ers in an endemic region. Int J Infect Dis 11:48 –51. https://doi.org/10
.1016/j.ijid.2005.10.009.

265. Mardani M, Keshtkar-Jahromi M, Ataie B, Adibi P. 2009. Crimean-Congo
hemorrhagic fever virus as a nosocomial pathogen in Iran. Am J Trop
Med Hyg 81:675– 678. https://doi.org/10.4269/ajtmh.2009.09-0051.

266. Emmerich P, Mika A, von Possel R, Rackow A, Liu Y, Schmitz H, Gunther
S, Sherifi K, Halili B, Jakupi X, Berisha L, Ahmeti S, Deschermeier C. 2018.
Sensitive and specific detection of Crimean-Congo hemorrhagic fever
virus (CCHFV)-specific IgM and IgG antibodies in human sera using
recombinant CCHFV nucleoprotein as antigen in mu-capture and IgG
immune complex (IC) ELISA tests. PLoS Negl Trop Dis 12:e0006366.
https://doi.org/10.1371/journal.pntd.0006366.

267. van de Wal BW, Joubert JR, van Eeden PJ, King JB. 1985. A nosocomial
outbreak of Crimean-Congo haemorrhagic fever at Tygerberg Hospital.
Part IV. Preventive and prophylactic measures. S Afr Med J 68:729 –732.

268. Leblebicioglu H, Ozaras R, Irmak H, Sencan I. 2016. Crimean-Congo
hemorrhagic fever in Turkey: current status and future challenges.
Antiviral Res 126:21–34. https://doi.org/10.1016/j.antiviral.2015.12.003.

269. Bausch DG, Hadi CM, Khan SH, Lertora JJ. 2010. Review of the literature
and proposed guidelines for the use of oral ribavirin as postexposure
prophylaxis for Lassa fever. Clin Infect Dis 51:1435–1441. https://doi
.org/10.1086/657315.

270. Mardani M, Jahromi MK, Naieni KH, Zeinali M. 2003. The efficacy of oral
ribavirin in the treatment of Crimean-Congo hemorrhagic fever in Iran.
Clin Infect Dis 36:1613–1618. https://doi.org/10.1086/375058.

271. Oestereich L, Rieger T, Neumann M, Bernreuther C, Lehmann M, Krase-
mann S, Wurr S, Emmerich P, de Lamballerie X, Ölschläger S, Günther
S. 2014. Evaluation of antiviral efficacy of ribavirin, arbidol, and T-705
(favipiravir) in a mouse model for Crimean-Congo hemorrhagic fever.
PLoS Negl Trop Dis 8:e2804. https://doi.org/10.1371/journal.pntd
.0002804.

272. Akira S. 1999. Functional roles of STAT family proteins: lessons from
knockout mice. Stem Cells 17:138 –146. https://doi.org/10.1002/stem
.170138.

273. Dowall SD, Graham VA, Rayner E, Hunter L, Watson R, Taylor I, Rule A,
Carroll MW, Hewson R. 2016. Protective effects of a modified vaccinia
Ankara-based vaccine candidate against Crimean-Congo haemorrhagic
fever virus require both cellular and humoral responses. PLoS One
11:e0156637. https://doi.org/10.1371/journal.pone.0156637.

274. Buttigieg KR, Dowall SD, Findlay-Wilson S, Miloszewska A, Rayner E,
Hewson R, Carroll MW. 2014. A novel vaccine against Crimean-Congo
haemorrhagic fever protects 100% of animals against lethal challenge
in a mouse model. PLoS One 9:e91516. https://doi.org/10.1371/journal
.pone.0091516.

275. Yu XJ, Liang MF, Zhang SY, Liu Y, Li JD, Sun YL, Zhang L, Zhang QF,
Popov VL, Li C, Qu J, Li Q, Zhang YP, Hai R, Wu W, Wang Q, Zhan FX,
Wang XJ, Kan B, Wang SW, Wan KL, Jing HQ, Lu JX, Yin WW, Zhou H,
Guan XH, Liu JF, Bi ZQ, Liu GH, Ren J, Wang H, Zhao Z, Song JD, He JR,
Wan T, Zhang JS, Fu XP, Sun LN, Dong XP, Feng ZJ, Yang WZ, Hong T,
Zhang Y, Walker DH, Wang Y, Li DX. 2011. Fever with thrombocytope-
nia associated with a novel bunyavirus in China. N Engl J Med 364:
1523–1532. https://doi.org/10.1056/NEJMoa1010095.

276. Kim YR, Yun Y, Bae SG, Park D, Kim S, Lee JM, Cho NH, Kim YS, Lee KH.
2018. Severe fever with thrombocytopenia syndrome virus infection,
South Korea, 2010. Emerg Infect Dis 24:2103–2105. https://doi.org/10
.3201/eid2411.170756.

277. Kim KH, Yi J, Kim G, Choi SJ, Jun KI, Kim NH, Choe PG, Kim NJ, Lee JK,
Oh MD. 2013. Severe fever with thrombocytopenia syndrome, South
Korea, 2012. Emerg Infect Dis 19:1892–1894. https://doi.org/10.3201/
eid1911.130792.

278. Saito T, Fukushima K, Umeki K, Nakajima K. 2015. Severe fever with
thrombocytopenia syndrome in Japan and public health communica-
tion. Emerg Infect Dis 21:487– 489. https://doi.org/10.3201/eid2103
.140831.

279. Luo LM, Zhao L, Wen HL, Zhang ZT, Liu JW, Fang LZ, Xue ZF, Ma DQ,

Emerging Tick-Borne Diseases Clinical Microbiology Reviews

April 2020 Volume 33 Issue 2 e00083-18 cmr.asm.org 33

https://doi.org/10.1371/journal.pntd.0001350
https://doi.org/10.1371/journal.pntd.0001350
https://doi.org/10.1093/trstmh/trv050
https://doi.org/10.1371/journal.pntd.0004210
https://doi.org/10.1371/journal.pntd.0004210
https://doi.org/10.1089/vbz.2011.0767
https://doi.org/10.1089/vbz.2011.0767
https://doi.org/10.1097/00000441-200206000-00004
https://doi.org/10.1097/00000441-200206000-00004
https://doi.org/10.1016/s0166-3542(02)00203-6
https://doi.org/10.1016/j.antiviral.2004.08.001
https://doi.org/10.1016/j.jcv.2014.08.029
https://doi.org/10.1016/j.antiviral.2017.05.010
https://doi.org/10.1016/j.antiviral.2017.05.010
https://doi.org/10.1016/j.vaccine.2017.05.031
https://doi.org/10.1016/j.mehy.2006.09.020
https://doi.org/10.1016/j.mehy.2006.09.020
https://doi.org/10.3201/eid1804.111374
https://doi.org/10.1016/j.antiviral.2007.11.002
https://doi.org/10.1016/j.antiviral.2007.11.002
https://doi.org/10.1016/j.ijid.2007.09.010
https://doi.org/10.1016/j.ijid.2007.09.010
https://doi.org/10.4269/ajtmh.2007.77.514
https://doi.org/10.1128/jcm.40.7.2323-2330.2002
https://doi.org/10.1016/s0166-3542(02)00201-2
https://doi.org/10.1016/s0166-3542(02)00201-2
https://doi.org/10.1007/bf01740819
https://doi.org/10.1086/422000
https://doi.org/10.4269/ajtmh.1987.36.120
https://doi.org/10.1016/j.coviro.2012.03.001
https://doi.org/10.1016/j.coviro.2012.03.001
https://doi.org/10.1016/j.ijid.2005.10.009
https://doi.org/10.1016/j.ijid.2005.10.009
https://doi.org/10.4269/ajtmh.2009.09-0051
https://doi.org/10.1371/journal.pntd.0006366
https://doi.org/10.1016/j.antiviral.2015.12.003
https://doi.org/10.1086/657315
https://doi.org/10.1086/657315
https://doi.org/10.1086/375058
https://doi.org/10.1371/journal.pntd.0002804
https://doi.org/10.1371/journal.pntd.0002804
https://doi.org/10.1002/stem.170138
https://doi.org/10.1002/stem.170138
https://doi.org/10.1371/journal.pone.0156637
https://doi.org/10.1371/journal.pone.0091516
https://doi.org/10.1371/journal.pone.0091516
https://doi.org/10.1056/NEJMoa1010095
https://doi.org/10.3201/eid2411.170756
https://doi.org/10.3201/eid2411.170756
https://doi.org/10.3201/eid1911.130792
https://doi.org/10.3201/eid1911.130792
https://doi.org/10.3201/eid2103.140831
https://doi.org/10.3201/eid2103.140831
https://cmr.asm.org


Zhang XS, Ding SJ, Lei XY, Yu XJ. 2015. Haemaphysalis longicornis ticks
as reservoir and vector of severe fever with thrombocytopenia syn-
drome virus in China. Emerg Infect Dis 21:1770 –1776. https://doi.org/
10.3201/eid2110.150126.

280. Brault AC, Savage HM, Duggal NK, Eisen RJ, Staples JE. 2018. Heartland
virus epidemiology, vector association, and disease potential. Viruses
10:E498. https://doi.org/10.3390/v10090498.

281. Pastula DM, Turabelidze G, Yates KF, Jones TF, Lambert AJ, Panella
AJ, Kosoy OI, Velez JO, Fisher M, Staples E, Centers for Disease
Control and Prevention. 2014. Notes from the field: Heartland virus
disease—United States, 2012-2013. MMWR Morb Mortal Wkly Rep
63:270 –271.

282. Wormser GP, Pritt B. 2015. Update and commentary on four emerging
tick-borne infections: Ehrlichia muris-like agent, Borrelia miyamotoi,
deer tick virus, Heartland virus, and whether ticks play a role in trans-
mission of Bartonella henselae. Infect Dis Clin North Am 29:371–381.
https://doi.org/10.1016/j.idc.2015.02.009.

283. Esguerra EM. 2016. Heartland virus: a new virus discovered in Missouri.
Mo Med 113:256 –257.

284. Kosoy OI, Lambert AJ, Hawkinson DJ, Pastula DM, Goldsmith CS, Hunt
DC, Staples JE. 2015. Novel thogotovirus associated with febrile illness

and death, United States, 2014. Emerg Infect Dis 21:760 –764. https://
doi.org/10.3201/eid2105.150150.

285. Anonymous. 2015. Bourbon viruses. Centers for Disease Control and
Prevention, Atlanta, GA. https://www.cdc.gov/ncezid/dvbd/bourbon/
index.html.

286. Savage HM, Burkhalter KL, Godsey MS, Jr, Panella NA, Ashley DC,
Nicholson WL, Lambert AJ. 2017. Bourbon virus in field-collected ticks,
Missouri, USA. Emerg Infect Dis 23:2017–2022. https://doi.org/10.3201/
eid2312.170532.

287. Jones EH, Hinckley AF, Hook SA, Meek JI, Backenson B, Kugeler KJ, Feldman
KA. 2018. Pet ownership increases human risk of encountering ticks.
Zoonoses Public Health 65:74–79. https://doi.org/10.1111/zph.12369.

288. Wormser GP, Dattwyler RJ, Shapiro ED, Halperin JJ, Steere AC, Klempner
MS, Krause PJ, Bakken JS, Strle F, Stanek G, Bockenstedt L, Fish D, Dumler
JS, Nadelman RB. 2006. The clinical assessment, treatment, and prevention
of Lyme disease, human granulocytic anaplasmosis, and babesiosis: clinical
practice guidelines by the Infectious Diseases Society of America. Clin
Infect Dis 43:1089–1134. https://doi.org/10.1086/508667.

289. Bartikova P, Holikova V, Kazimirova M, Stibraniova I. 2017. Tick-borne
viruses. Acta Virol 61:413–427. https://doi.org/10.4149/av_2017_403.

Susan Madison-Antenucci is the Director of
Parasitology at the Wadsworth Center, New
York State Department of Health. Dr.
Madison-Antenucci received a B.S. in chem-
istry from the University of Rochester and a
Ph.D. in biochemistry from Duke University.
She worked with parasites as a postdoctoral
fellow at the University of Alabama—Bir-
mingham before joining the Wadsworth
Center. Under her direction, the Parasitology
Laboratory has developed numerous molec-
ular assays to detect and perform species-level identification of para-
sites and uses next-generation sequencing to investigate drug resis-
tance genes in P. falciparum. She has been involved in waterborne and
foodborne outbreak investigations and tracebacks to identify donors
for transfusion-transmitted babesiosis. She is a member of the Associ-
ation of Public Health Laboratories Global Health Committee, where she
worked with the Botswana Public Health Laboratory in a partnering
relationship. She is also on the faculty of the Biomedical Sciences
Department, School of Public Health, University of Albany.

Laura D. Kramer, Director of the Arbovirus
Laboratories, Wadsworth Center, New York
State Department of Health, and Professor of
Biomedical Sciences, School of Public Health,
SUNY Albany, is also an Adjunct Professor in
the Biology Department, Ecology and Evolu-
tion of Infectious Diseases, SUNY Albany. She
has more than 50 years of experience study-
ing arboviruses, using both experimental
and observational approaches and classical
and molecular tools. Her research focuses on
how the interactions between arthropod vectors, viruses, and verte-
brate hosts are affected by biotic and abiotic factors and how these
interactions impact the intensity of viral transmission and, subse-
quently, viral evolution and adaptation. Her work has resulted in more
than 215 publications, 30 book chapters, and more than 100 invited
presentations in national and international settings. She also serves as
a Virology moderator for ProMED (Program for Monitoring Emerging
Diseases, International Society for Infectious Diseases) and is a virology
editor for the Merck Manual.

Linda L. Gebhardt, B.S., M.T. (A.S.C.P.), has
been the supervisor in the Tick-Borne Bacte-
ria Laboratory at the New York State Depart-
ment of Health, Wadsworth Center, for the
last 10 years. The laboratory is a reference
laboratory focused on the identification of
tick-borne bacteria as well as the develop-
ment of new assays for emerging infectious
agents in New York State. She is also in-
volved in a collaborative research project
that monitors the expansion of several tick-
borne diseases in both humans and ticks in New York State. Her work
at the Wadsworth Center has focused on maintaining quality assurance
standards and implementing new regulations in the Division of Infec-
tious Diseases. She is a reviewer for the New York State Clinical Labo-
ratory Evaluation Program. She has mentored more than 20 students.
She is a member of the American Society for Microbiology (ASM) and is
the current treasurer for the Eastern New York Branch of ASM.

Elizabeth Kauffman is a research scientist at
the Arbovirus Laboratories, Wadsworth Cen-
ter, New York State Department of Health.
She received a Ph.D. from the State Univer-
sity of New York in Albany in the field of cell
biology. She joined Virogenetics, Inc., in
1986 and worked for 14 years on the devel-
opment of human and animal vaccines that
utilize genetically engineered poxvirus vec-
tors to express select antigens of infectious
diseases, such as dengue (DEN) virus, yellow
fever virus (YFV), rabies (RAB) virus, HIV, and malaria. Dr. Kauffman
joined the Arbovirus Laboratory shortly after the outbreak of West Nile
virus (WNV) in New York in 1999 and has been involved in surveillance
of mosquito and tick vectors collected throughout New York and
neighboring states for the presence of arboviruses. Her research efforts
have focused on the role of arthropod vectors in the transmission of
flavivirus and bunyavirus diseases.

Madison-Antenucci et al. Clinical Microbiology Reviews

April 2020 Volume 33 Issue 2 e00083-18 cmr.asm.org 34

https://doi.org/10.3201/eid2110.150126
https://doi.org/10.3201/eid2110.150126
https://doi.org/10.3390/v10090498
https://doi.org/10.1016/j.idc.2015.02.009
https://doi.org/10.3201/eid2105.150150
https://doi.org/10.3201/eid2105.150150
https://www.cdc.gov/ncezid/dvbd/bourbon/index.html
https://www.cdc.gov/ncezid/dvbd/bourbon/index.html
https://doi.org/10.3201/eid2312.170532
https://doi.org/10.3201/eid2312.170532
https://doi.org/10.1111/zph.12369
https://doi.org/10.1086/508667
https://doi.org/10.4149/av_2017_403
https://cmr.asm.org

